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ABSTRACT
This dissertation focuses on studying sliding friction mechanisms of twodimensional (2D) materials, namely graphene and MoS2, and delineating the effects of
structural defects on their coefficient of friction (COF) values under different test
atmospheres. Raman, SEM and cross-sectional TEM studies of samples and counterfaces
before and after the wear tests in inert and air atmospheres with different relative humidity
(RH) levels were used to identify initial microstructures and formation of sliding induced
defects at the wear tracks and within the transferred layers. Using density functional theory
(DFT) calculations the roles of undissociated and dissociated H2O molecules at defect sites
of graphene and MoS2 layers on the interlayer binding energies (EB) were determined. It
was shown that the formation of microstructural defects, including vacancies, as well as
the changes in the layer structures of the worn surfaces and transfer layers would modify
the EB and change the COF, increasing the COF of MoS2 in high humidity but decreasing
that of graphene.
Sliding friction tests of graphene conducted in ambient air and under a dry
N2 atmosphere showed that in both cases a high running-in COF occurred initially but a
low steady-state COF (µS) of 0.05 was reached only when the sliding was continued in air
with moisture. DFT calculations indicated that the energy barrier (Eb) of 1.27 eV for
dissociative adsorption of H2O was significantly lower in case of reconstructed graphene
with a monovacancy compared to pristine graphene (3.53 eV). Cross-sectional TEM of
graphene transferred to the counterface revealed a partly amorphous structure
incorporating damaged graphene layers with d-spacings larger than that of the original
layers. DFT calculations on the reconstructed bilayer AB graphene systems revealed an
increase of d-spacing due to the chemisorption of H, O, and OH at the vacancy sites and a
reduction in the EB by 30% to 0.21 J/m2 between the bilayer graphene interfaces compared
to pristine graphene. Thus, sliding induced defects facilitated dissociative adsorption of
water molecules and reduced COF of graphene for sliding tests under ambient and humid
environments but not under an inert atmosphere.
To advance the application that the H, OH passivation of graphene is an essential
part for low adhesion for low friction, 5×10-4 wt.% graphene nanoplates (GNP) were
v

dispersed in ethanol to lubricate the friction between DLC coated and uncoated tool steel,
where a low µS of 0.06 was achieved and the wear rates of the DLC-coated steel were
decreased by 70%. Formation of graphene tribolayers on top of steel contact surfaces and
sliding induced bending and occasional fragmentation of graphene layers were observed
by cross-sectional FIB-TEM. Similarly, addition of carbon nanotubes (CNTs) into ethanol
was used to achieve low friction and low adhesion between an Al-alloy engine block
material (319 Al) and a common piston ring coating (CrN). The sliding-induced bending
and curling of the CNT tribolayers with formation of cylindrical morphology on the Al
contact surface were identified by high resolution SEM.
Unlike the defect free CVD graphene, magnetron sputtered MoS2 film exhibited a
defect structure incorporating misoriented, fragmented layers. The sliding of MoS2 against
Ti-6Al-4V showed low friction in vacuum and inert atmosphere but not in humid air. The
formation of reoriented MoS2 tribolayers that were parallel to the sliding surfaces produced
an increased µS of 0.13 in air with 82% RH instead of an ultra-low value of 0.007 in dry
N2. The Raman and HRTEM depicted the formation of MoO3 and the reduced layer spacing
of MoS2 in the tribolayers than the value prior to test, which correlated to increased EB.
According to the climbing images nudged elastic band (CI-NEB) simulations, H2O
dissociated into H/OH at a triple vacancy (a unit MoS2 missing) site of MoS2 (D-MoS2)
with an Eb of 0.08 eV, and further to H/O/H again with a low Eb of 0.24 eV. Dissociated
H2O and formation of Mo-O-Mo bonds on the MoS2 surface did not change the EB of the
MoS2. The undissociated water molecules placed between the bilayer defected MoS2
formed hydrogen bonds with S atoms and increased EB by 20% to 0.37 J/m2, a process that
increased the COF.
The methodology developed in this study can be used to investigate the friction
mechanisms of other 2D layered materials. Rationalization of these friction mechanisms
offers guidance for the use of 2D materials in demanding environments in order to reduce
friction and mitigate adhesion of engineering surfaces.
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CHAPTER 1
Research Background

1.1 Background and Motivation
The pursuit of microstructural and atomistic origins of the tribological processes is
not new; The relationship between friction and adhesion was first investigated and
modelled by Bowden and Tabor [1], and the coefficient of friction (COF, 𝜇) between two
surfaces in contact was found to depend on the real contact area in equation 1-1 according
to assumptions of non hardening materials and von Mises yield criterion,
𝐴 2

1 + 3 ∙ 3𝜇 2 = (𝐴 )

(1 − 1)

0

where A and A0 are the interface area and the real contact area under applied load. The
strength of the interfacial adhesive section depends on both the real contact area and the
nature of bonding [2]. The bonding between the interfaces also varies according to loading
condition, temperature, environmental atmosphere (inert, oxygen and water molecules),
and lubrication condition [3, 4]. During shearing of the interfaces, additional energy is
required to break the interfacial bonding [5]. Besides friction, interfacial bonding in the
junction zones between contacting surfaces also affects the wear behavior, as the wear rate
depends on the load applied that affects both the number and size of the contact areas [6].
The wear behaviour of materials is generally characterized by the formation of transfer
materials and loose wear debris from shearing of materials from near-surface zones with
large plastic strains [7]. Therefore, understanding the bonding between materials helps to
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illustrate the friction and wear behaviour of engineering materials. The atomic origin of the
interfacial bonding can be determined using first principles calculations supported by
carefully designed tribological tests, such as the investigation on the adhesive transfer and
wear of lightweight Al-Si alloys [8, 9].

Two-dimensional (2D) materials are generally used to describe layered materials
with at least one of their dimensions in nanoscale. There is intensified interest in
understanding the tribological process in tribosystems incorporating 2D materials in order
to achieve low friction in engineering applications. The friction reduction and adhesion
mitigation can be attributed to the easy shear of 2D transfer layers formed on the
counterfaces during sliding contact [10, 11]. Typical low friction transfer layers
(tribolayers) include graphene and transition metal dichalcogenides layers, such as MoS2
and WS2 [12-15]. However, the friction and adhesion performance of the tribolayers have
to be considered carefully due to the complexity of the tribo-chemical and tribo-physical
processes, as the formation of new phases, chemical bonds, and hydrogen bonds could
drastically affect the friction [16-18].

Conducting tribological tests and analyzing tribolayers and worn surfaces is
essential in understanding the friction and adhesion mechanisms. Microscopic and
spectroscopic techniques, such as Raman spectroscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and Fourier-transform infrared spectroscopy (FTIR), can be used to characterize the
composition, the nature of chemical bonds, and the morphological and structural features.
The information obtained from tribological experiments can be applied to build atomic
2

models for DFT simulations, a process that can simulate the tribo-chemical reactions and
interfacial adhesion properties of interfaces. One aim of the study presented in this
dissertation is to understand the friction reduction mechanisms of 2D layered materials,
namely graphene and MoS2, by simultaneously using first principles calculations and
laboratory experiments to acquire improved insight into their potential tribological
applications for automotive and other components with low friction and low adhesion.
According to Bowden and Tabor’s adhesive friction model accounting for
interfacial bonds, given the density of atoms in a specific unit area, the total number of
bonds and therefore the adhesive force increases with the increase of contact area at the
interface [19]. Therefore, evaluation of the adhesion between two surfaces would elucidate
the atomistic processes of friction behaviour of the materials under sliding contacts. Similar
to the rupture of bonds during the dissociation of molecules, the work required to separate
two contacting surfaces, defined as W𝑠𝑒𝑝 , is assessed based on the energy needed to
separate the bonded interfaces into two free surfaces with surface energy of γ1 and γ2 [20].
As shown in Figure 1.1, W𝑠𝑒𝑝 is calculated by the energy difference between the total
energy of the interface E12 and the energies of E1 and E2 for isolated slabs 1 and 2,

W𝑠𝑒𝑝 = γ1 + γ2 − γ12 =

E1 + E2 − E12
𝐴

(1 − 2)

where γ12 is interface energy and A is the interfacial area of two slabs.
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Figure 1.1. (a) Two materials labelled as 1 and 2 when isolated have the surface energies
of 𝛾1 and 𝛾2 . (b) The two surfaces have an interfacial energy of 𝛾12 when they joined
together.
Table 1.１. The ideal works of separation, 𝑊𝑠𝑒𝑝 , and the interface energies, 𝛾𝑖𝑛𝑡 , of the
diamond/metal interfaces; the works of decohesion, 𝑊𝑑𝑒𝑐 , inside the metals; and the
surface energies, 𝛾𝑠 , of the metals. Unit: J /m2. (0│1) represents the crack occurs right at
the diamond/metal interface, (1│2) represents the crack occurs in the metal between the
first and second atomics layers, counted from the interface, etc [21].

The surface energy and W𝑠𝑒𝑝 can be used to interpret the friction and adhesion
behaviour of surfaces under contact. Insight into how the materials transfer would occur
can be obtained from the calculation of the work to separate an interface composed of two
types of material surfaces into isolated surface slabs, where the energy to create two
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identical surfaces from one slab is defined as decohesion energy, W𝑑𝑒𝑐 . As an example,
according to the first principles calculations that used projector augmented wave potentials
and generalized gradient approximation (GGA) for exchange-correlation functional [21],
the surface energy for Ti(0001) was predicted to be 1.92 J/m2, which is higher compared
to the values of 0.78 J/m2 and 1.29 J/m2 for Al (111) and Cu (111) respectively. As shown
in Table 1.1, the diamond/Ti interface was the most tightly bonded interface with the
highest W𝑠𝑒𝑝 of 5.77 J/m2, compared to the values of 4.08 J/m2 for diamond/Al interface
and 3.36 J/m2 for diamond/Cu interface. The lowest W𝑑𝑒𝑐 of the pure metals, namely Ti,
Al, and Cu, from the interface models were generally observed at two atomic layers from
the interface shown as W𝑑𝑒𝑐 (2│3), where Ti and Al had the highest and lowest values of
3.71 J/m2 and 1.56 J/m2. Thus, the first principles calculation helped to select Ti as the best
interlayer material among the three metals due to a more tightly bonded interface with the
highest Wsep value. It should be noted that the dissociation processes of molecules from
atmosphere also affected the interfacial bonding between Al and DLC surfaces, where the
H and OH dissociated from H2O terminated the dangling bonds from DLC and reduced the
W𝑠𝑒𝑝 to low value of 0.2 J/m2 from high value of 4.5 J/m2 [22]. It should be noted that the
frictional behaviour of graphene and DLC at different temperatures depended on
adsorption and desorption of functional groups from carbon surfaces [23, 24]. This atomic
insight into the interfacial adhesion provided by first principles simulations can be used to
explain the adhesive transfer and COF performance of materials under sliding contacts.
Besides the insights from static simulations, molecular dynamics (MD) simulations of the
layers sliding of the DLCs showed the number of chemical bonds across the contact
interface during sliding correlated well with friction force [25]. Furthermore, MD
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simulations could be used to envisage the interfacial bonds formation and bonds rupture of
Al in an oxidation environment [26, 27].
Because surface termination affects the types of interfacial bonding and W𝑠𝑒𝑝 ,
simulations of hydrogen termination of the diamond surface on the adhesion and rupture
of the interfaces have been used with experimental analyses to explain the adhesive transfer
mechanisms between DLC and lightweight metals and metal alloys during machining or
other sliding contacts [28, 29]. Because DLC as a mixture of sp2 and sp3 C-C bonds
resembles the atomic and mechanical properties of diamond with sp3 C-C bonds, diamond
structure can be used to simulate the properties of DLC for ease of computation. According
to the DFT calculations using projector-augmented wave potentials and GGA exchangecorrelation functionals (as can be seen in Figure 1.2), when the diamond (111)/Al slabs
were subjected to a strain in the first principles calculations, the atoms between the Al
layers separated rather than the atoms at interface for the Al(111)/C(111)-1×1 (pristine
diamond surface with dangling C bonds) slab model [29]. This was due to the lower W𝑑𝑒𝑐
value of 1.56 J/m2 of the Al layers compared to the W𝑠𝑒𝑝 of 4.08 J/ m2 of the interface,
where the interface slab separated at the interface with the lowest W𝑠𝑒𝑝 . It was assumed
that this process corresponded to Al transferring to DLC during sliding contact due to the
lowest W𝑑𝑒𝑐 value of Al compared to W𝑑𝑒𝑐 of DLC and W𝑠𝑒𝑝 of the Al(111)/C(111)
interface. Though Al would not experience a brittle fracture (as in the model from Figure
1.2a) due to the high ductility [9, 30], the model successfully estimated the Al transfer
mechanisms. As shown in Figure 1.2 (b), when the top two layers of diamond surface in
the Al(111)/C(111)-2×1 slab model was reconstructed with reduced number of dangling
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bonds, the slab showed interface fracture with a reduced W𝑠𝑒𝑝 of 0.33 J/m2. Furthermore,
when the diamond was terminated with H atoms as in the Al(111)/C(111)-1×1:H slab
mode, the elongation of the slab in the simulation also showed no Al transfer (see Figure
1.2c) due to an ultralow W𝑠𝑒𝑝 of 0.02 J/m2 at the interface. This indicates the role of
hydrogen atoms in reducing the adhesion between DLC and Al. Similarly, F and OH
termination at the DLC surfaces were also found effective for low adhesion and led to low
friction under sliding contacts [31]. As shown in Figure 1. 3, different number of F atoms
from the diamond surface transferred to Al surface at different separations between the Al
and diamond:F surfaces according to the first principles simulations using a PAW potential
and GGA method for exchange correlation energy, where the transfer of F atoms occurred
during the a simulation process that gradually brought the Al and diamond:F surfaces
together (corresponding to a reduced Zcell dimension from above 52.1 Å to 37.1 Å) [8]. It
was found that the transfer of F to Al with the formation of AlF3 resulted in a repulsive
force formed between two F-passivated surfaces, i.e. AlF3 and dimond:F, which reduced
the COF for DLC sliding against Al to a low value of 0.04. These results of the atomic
calculations have helped understanding the frictional behaviour of different types of DLC
thin films in terms of effects of surface passivation by functional groups on the adhesive
transfer of Al during sliding friction processes.
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Figure 1.2. Al/Diamond(C) atomic models of fractured interface structure of (a)
Al(111)/C(111)-1×1 showing two Al transfer layers, (b) Al(111)/C(111)-2×1, (c)
Al(111)/C(111)-1×1:H without adhesive transfer. Color in gray, red, and green represent
C, Al, and H atoms respectively [29].

Figure 1.3. The relative energy change, ΔEtot, when an Al surface approaches diamond:F
and diamond:H surfaces. While bringing the surfaces together, the cell dimension, zcell is
reduced from zcell0=52.1 to 37.1 Å. The relaxed atomic structures of Al/diamond:F
interfaces corresponding to 1 F, 3 F and 4 F atom transfers to the Al surface are illustrated
at zcell corresponding to the initiation of each transfer event [8].
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Figure 1.4. The variation of the energy and bond length values of the H2 in (a), N2 in (b),
and H2O molecules in (c) as a function of their normal distance from the diamond surface
[22].
DFT calculations were also performed to determine the tribo-reaction of DLC
surfaces with environmental gas molecules, such as H2O and N2, and the effect of molecule
dissociation on W𝑠𝑒𝑝 and friction [22]. As shown by the simulated results of H2, N2, and
H2O dissociation energy curves at the diamond (111) surface in Figure 1.4, H2 and H2O
can both be dissociated either with no energy barrier (Eb) or with a low energy barrier of
0.12 eV (H2O dissociated into OH and H) to overcome, while the N2 molecule is unlikely
to dissociate with a high energy barrier of 3.86 eV. With the dissociated H and OH at
diamond surfaces, the Al/diamond interfaces showed low W𝑠𝑒𝑝 of <0.2 J/m2. These
molecules’ dissociation and W𝑠𝑒𝑝 computations were used to explain the low COF (0.02 in
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H2 and 0.12 in 40% relative humidity (RH) atmospheres) during sliding friction of DLC
against Al. Similarly, according to the MD simulations conducted by Kuwahara et al.[32],
it was found that small H2O traces were sufficient to preserve crystallinity of diamond and
diamond surface passivated by H/OH dissociated from H2O led to an ultralow friction
regime of diamond.
The quantitative estimation of the work of separation of the interfaces using first
principles calculations provides an atomic insight into the static solid-solid interfacial
adhesion. In addition to the insights obtained from simulations, the adhesion properties of
materials manifested during the tribological process can also be inferred from microscopic
observation of the transfer layers formed in the tribolayers during the sliding contacts.
Although simulations and experimental approaches can be singly used to investigate the
tribological process of materials, these methods complement each other from both atomic
and microscopic perspectives. Therefore, a combinational study using both methods can
offer deeper insight into the tribological process of materials. In the subsection that follows,
backgrounds for the syntheses and use of the typical 2D materials such as graphene and
MoS2 for low friction were reviewed.

1.2 Syntheses of Graphene and Molybdenum Disulfide
In this subsection, the emergence of 2D materials was reviewed in Section 1.2.1.
Different methods developed for producing graphene (Section 1.2.2) and MoS2 (Section
1.2.3) were summarized and compared, respectively. The characterization and material
properties detailed in the existing literature were also discussed in Section 1.2.4.
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1.2.1 The emerging of the 2D materials

Figure 1.5. Worldwide interest for two-dimensional materials and graphene over time.
Data acquired from google trends data. Numbers represent interest relative to the highest
point on the chart for the given region and time. A value of 100 is the peak popularity for
the term. A value of 50 means that the term is half as popular [33].
2D layered materials with one of its dimensions at nanoscale [34] are the most
attractive research topics due to the desirable properties that opened up a new paradigm for
design of unique devices and achieve low and ultralow friction in various environments
[35-40]. Single-layer graphene was first successfully isolated from graphite with the
use of tape in 2008 [41]. This was achieved by Geim and Novoselov, who were
awarded the Nobel Prize for Physics in 2010. As can be seen from the peak research
interest (the highest value of 100 in figure) in 2010 shown in Figure 1.5 [33], the first
peak research interest in 2D materials coincides with that of graphene, and the
research interest in 2D materials increased continuously since 2011 [42]. Among the
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various applications, graphene and transition metal dichalcogenides such as MoS 2
and WS2 are the most attractive candidates for achieving low and ultralow friction
when used in forms of thin films or liquid based lubricants additives [43, 44]. The low
friction applications of these 2D materials have been primarily attributed to the
chemical stability, mechanical properties, dispersity in liquid based solutions, and
high production rates as will be discussed in the following subsections.

Figure 1.6. Chart illustrates the categorized library of 2D materials with stability property
of materials indicated in color. hBN is hexagonal boron nitride; BCN is 2D nanocomposites
containing boron, carbon and nitrogen; BSCCO is bismuth strontium calcium copper oxide
[45].
There are many 2D layered materials with different structural stabilities as
illustrated in the chart presented in Figure 1.6 [45]. Graphene family group members,
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including graphene, graphene oxide, fluorographene, and hexagonal boron nitride, are
stable at ambient conditions. 2D chalcogenides constitute one of the largest groups of the
family of 2D layered materials, where semiconducting transition metal dichalcogenides
composed of transition metal atoms M (such as Mo or W) and chalcogen atom (such as S,
Se, and Te) X in formula of MX2 have been the most studied. As indicated in Figure 1.6,
MoS2, WS2, MoSe2, and WSe2 have a stable structure at room temperatures compared to
the other 2D chalcogenides. 2D oxides can be exfoliated from 3D compounds that stabilize
in inert atmosphere or can exist as natural minerals, such as molybdite (MoO3).

1.2.2 Synthesis and characterization of graphene

With its layers stacked in AB sequence, graphite occurs in metamorphic rocks as a
result of the reduction of sedimentary carbon compounds during metamorphism. The
individual layer is named graphene and the layers of graphene are weakly bonded by van
der Waals interactions [46]. Before the occurrence of graphene, the existence of free
standing 2D materials was reported unlikely in views of physicists, such as Landau and
Mermin, due to their predicted thermodynamically unstable structures [47]. In 2004,
Novoselov and colleagues for the first time obtained high crystal quality of a single layer
to a few layers graphene by repeatedly peeling highly oriented pyrolytic graphite (HOPG)
[48].
As noted by Geim and Novoselov, “the current rapid progress on graphene has
certainly benefited from the relatively mature research on nanotubes that continue to
provide a near-term guide in searching for graphene applications” [49]. As graphene
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structurally is structurally considered to be unfolded carbon nanotubes (CNTs), graphene
nanoribbons with straight edge termination can be obtained by unzipping CNTs using
various methods [50], such as: (i) the intercalation & exfoliation method; (ii) the chemical
route by using oxidizing agents; (iii) the catalytic approach by using metal nanoparticles;
(iv) the electrical method by passing an electric current through a nanotube; and (v) the
physicochemical method. Figure 1.7 (a) shows the gradual longitudinal unzipping of a
single-walled carbon nanotube (SWCNT) during stepwise oxidation using sulphuric acid
and potassium permanganate. The intermediate state of the unzipped multi-walled carbon
nanotube (MWCNT) shown in Figure 1.7 (b) is characterized as a partially unzipped
graphene sheet with straight edges and ripples. A typical single layer graphene nanoribbon
obtained via the unzipping process showed a width of 200 nm and a length of 4 um, as
shown in Figure 1.7 (c) [51].

Figure 1.7. (a) Schematic representation of gradual unzipping of SWCNT to form
graphene nanoribbon; (b) TEM of the partially unzipped MWCNT with graphene
nanoribbon attached, the nanoribbon was with straight edges and ripples; (c) SEM image
of a folded single layer graphene nanoribbon in length of 4 µm [51].
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The current production methods of graphene can be classified into top-down and
bottom-up approaches, corresponding respectively to the exfoliation of graphene from
graphite and growth of graphene layer by layer. The top-down methods include: (i)
micromechanical cleavage using adhesive tape to peel off graphene from graphite; (ii)
electrochemical exfoliation of graphite by collecting material from an electrolyte solution;
(iii) exfoliation of graphite intercalation compounds; (iv) solvent-based exfoliation of
graphite via sonication; (v) exfoliation and reduction of graphite oxide; (vi) arc discharge;
and (vii) unzipping CNTs. The bottom-up methods consist of epitaxial growth on silicon
carbide under high vacuum and high temperature conditions and CVD production [52]. It
should be noted the CVD process yields large quantities of graphene with good quality,
while the mechanical exfoliation method produces high quality graphene but yields a low
production rate. The atomic thin defect free graphene layer exhibits an excellent in-plane
elastic modulus of 1000 GPa and fracture strength of 130 GPa [53]. The defects such as
topological defects (pentagons, heptagons, or a combination), vacancies, adatoms, and
armchair and zigzag edges have also been widely observed [54, 55].
Compared to graphite (typically > 1000 layers) with a layer spacing of 0.335 nm
[56], the layer spacing of few layers to multilayer graphene (up to hundreds layers) has a
slightly higher layer spacing of 0.34 nm [57]. Correspondingly, the interlayer binding
energy between graphene layers increases with number of layers [58] and that the
multilayer graphene (15 layers) showed binding feature of graphite [59]. However, as the
changes of layer spacing and interlayer binding energy with increase number of graphene
layers are minor, it takes stringent approaches, such as HR-TEM, to determine the number
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of graphene layers. Raman spectroscopy is an effective and nondestructive methods for
characterizing the graphene. As shown in Figure 1.8, according to the different ratios
between the magnitudes of Raman G peak at ~1580 cm-1 and 2D peak at ~2680 cm-1, the
number of graphene layers could be identified [60]. A distinct feature between graphene
and graphite can be revealed from the 2D peak splitting of graphite into 2D1 and 2D2 peaks
that were reported roughly 25% and 50% the height of the G peak [61, 62], compared to a
sharp 2D peak of graphene (see 2D peaks of graphene and graphite in Figure 1.8).
Moreover, the Raman D peak at ~1350 cm-1 could be used as fingerprints of defect features
of graphene. An example of the edge types of defects from the graphene sheets can be
revealed from the occurrence of Raman D peak compared to the Raman spectra of defect
free zone as shown in Figure 1.9 [63]. It should be noted that the Raman D peaks acquired
from zones 1 and 2 of the highly oriented pyrolytic graphite in Figure 1.9 corresponded to
the edge defects from multilayer graphene sheets.

Figure 1.8. Raman spectra of few-layer graphene in comparison with graphite. The laser
wavelength was 532 nm [60].
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Figure 1.9. Raman spectra obtained in three different regions of the highly oriented
pyrolytic graphite sample. The inset shows an optical image of edge defect circled zones 1
and 2, and defect free zone 3 for Raman spectra. The laser wavelength was 488 nm [63].

Figure 1.10. Measured mechanical properties (a) in-plane elastic modulus and (b) breaking
load of graphene as a function of increasing plasma times and the Raman parameters of
I(D)/I(G) and I(2D)/I(G). The sp3-type and vacancy-type of defects regimes are indicated
in blue and brown areas [64].
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Defects in the graphene layer play different roles in reducing the mechanical
properties. As indicated in Figure 1.10 (a, b), the increased oxygen plasma time led to a
reduction in the Raman peak ratio of I(2D)/I(G) to 0.5 and an increase in the Raman peak
ratio of I(D)/I(G) to ~4.0 in the sp3-type of defect regime and a reduction in both the
I(2D)/I(G) and I(D)/I(G) Raman peak ratios in the vacancy regime. It was observed that
the sp3 defect only decreased the elastic strength of graphene by ~14%, while significant
reductions in both the elastic strength and break strength were observed in the vacancy
defect regime [64]. Despite the reduced mechanical strength, the defective graphene
offered routes for functionalization by functional groups for broader applications [65]. It
should be noted that the graphene showed a high elastic modulus when the defect
concentration in the graphene sheets was low. Various points defects in graphene sheets
were generated using electron irradiation method and observed using HRTEM, such as
Stone-Wales defect formed via bond rotation (see Figure 1.11a), single vacancy with one
C atom ejected (see Figure 1.11c), divacancy with two C atoms ejected with formation of
5-8-5 ring (see Figure 1.11d) [66]. Both zigzag and armchair types of edge defect from
graphene sheets were revealed by HRTEM as shown in Figure 1.12 [67]. The formation
energies of the defects were also investigated by DFT simulation, which showed the StoneWales defect as the most stable structure with the lowest formation energy of 4.5-5.3 eV
[68, 69], compared to higher values of 7.3-7.5 eV for single vacancy defect [70] and 7.27.9 eV for divacancy defect [70, 71]. Moreover, the DFT calculations also predicted the
armchair edge defect was more stable with formation energy of 0.98 eV/Å than zigzag edge
defect with formation energy of 1.31 eV/Å [72]. Moreover, with graphene functionalized
at defect sites the interaction energy between the graphene layers changes, where the
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binding between graphene sheets may either increase by forming covalent bonds or
decrease with increased the layer spacing due to the repulsive force between the functional
groups. These properties are essential for exploiting graphene as low friction thin films.

Figure 1.11. High resolution transmission electron microscope observation of defect
transformations under irradiation. Atomic bonds were superimposed on the defected areas
in the bottom row. Creation of the defects could be explained by atom ejection and
reorganization of bonds via bond rotation. (a) Stone-Wales defect, (b) defect-free graphene,
(c) V1(5−9) single vacancy, (d) V2(5−8−5) divacancy. Scale bar was 1 nm [66].

Figure 1.12. High resolution transmission electron microscope well-defined zigzagarmchair and zigzag-zigzag edges of graphene. The inset hexagons were superimposed to
define the edges. Scale bar was 1 nm [67].
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1.2.3 Synthesis and characterization of molybdenum disulfide

Figure 1.13. Top and side views of single-layer MoS2 with (a) trigonal prism coordination
in 2H-MoS2 phase and (b) octahedral coordination in 1T-MoS2 phase. Atom colour code:
purple, Mo; yellow, S. The labels AbA and AbC represent the stacking sequence where the
upper- and lower-case letters represent S and Mo atoms, respectively [73].
A monolayer MoS2 consists of a sheet of molybdenum atoms sandwiched between
two sulfur layers through covalent bonds either in 2H-MoS2 phase or 1T-MoS2 phases. In
the AbA layer sequence shown in Figure 1.13(a) with S atoms from top layer sitting on S
atoms from bottom layer, the 2-H phase is characterized by Mo atom from the center
prismatically coordinated by six surrounding S atoms [73]. Meanwhile, the Mo atom in the
1-T phase of the AbC layer sequence in Figure 1.13 (b) is octahedrally coordinated by six
neighboring S atoms. Compared to the stable 2H-MoS2 that occurs as a crystalline mineral
called molybdenite (silvery black in color alike graphite), 1T-MoS2 is a metastable phase
not found in nature but can be produced through intercalation of the 2H-MoS2 with lithium
or organolithium compounds [74]. Raman spectroscopy can be used to identify these two
different phases of MoS2. The peaks of J1 at 156 cm-1, J2 at 226 cm-1, and J3 at 333 cm-1 for
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1T-MoS2 are unobservable for 2H-MoS2, while both peaks for E2g at 383 cm-1 and A1g at
409 cm-1 are common Raman features for MoS2 [75]. Examples of the Raman
spectroscopies of exfoliated 1T-MoS2 and of 2H-MoS2 converted from 1T-MoS2 are
presented in Figure 1.14 (a) and (b), respectively [76].

Figure 1.14. Raman spectra of (a) 1T-MoS2 and (b) 2H-MoS2. The laser wavelength was
532 nm [76].
Although the bonding within a single layer of MoS2 is covalent, the MoS2 layers
are bonded via van der Waals interactions that makes mechanical cleavage of MoS 2 from
bulk molybdenite possible. Following the mechanical cleavage of graphene from graphite,
Novoselov extended their effort to MoS2 and successfully obtained 2D MoS2 layers that
are stable at room temperature in air [77]. Similar top-down methods that exfoliates MoS2
from the bulk crystals and bottom-up methods have been employed to synthesize single
layer MoS2 to MoS2 with a few layers. The top-down methods include the mechanical
cleavage method, laser ablation, liquid phase exfoliation by direct sonication in solvents,
and the laser thinning technique. The bottom-up approaches include PVD (e.g. sputtering)
and CVD growth [78, 79]. It should be noted that mechanically exfoliated MoS2 has high
crystalline quality but low production rates, and that the size of the exfoliated layers
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depends on the bulk crystal. Meanwhile, the CVD growth method can be employed to
produce films of any size, where the desired film thickness can be controlled by the
thickness of the pre-deposited Mo metal on the substrate [80].
Table 1. ２ . Comparison of Young’s modulus and fracture strengths for several
engineering materials, including monolayer MoS2, graphene, and carbon nanotube [81].

The MoS2 layer produced from the mechanical exfoliation process was observed to
have a length of ~10 µm and a layer thickness of 6.75 Å [82]. According to the atomic
force microscope (AFM) test, the mechanically exfoliated monolayer MoS2 exhibited a
Young's modulus of 270 GPa and breaking strength of 23 GPa, as shown in Table 1.2 [81].
The strength of MoS2 is smaller only than that of graphene and CNTs. The Young’s
modulus was comparable to that of ASTM-A514 steel, while the fracture strength of 16
GPa-30 GPa was about 20 times that of the steel (0.9 GPa). Moreover, using a linear
relationship between the stress and the strain, the ratio between the fracture strength and
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the Young’s modulus in Table 1.2 indicated the superb elastic property of MoS2, where the
layer undergoes an internal strain between 0.06 and 0.11 before failure. This strength of
this property is exceeded only by graphene. The excellent properties of MoS2 layers make
them attractive semiconducting candidates for many applications, such as in hydrogen
evolution reactions, flexible electronic and optoelectronic devices, composite films, and
low friction lubricant [83, 84].

1.2.4 Low adhesion by graphene and molybdenum disulfide

The interlayer binding energy (EB) between the layers from 2D materials such as
graphene and MoS2 could also be determined by both experiment and first principles
calculations by considering van der Waals interactions [85, 86]. The low EB of 52±5
meV/atom (corresponding to a value of ~0.3 J/m2) between graphene layers was derived
from thermal desorption energy barriers for polyaromatic hydrocarbons (benzene,
naphthalene, coronene, and ovalene) desorption from basal plane of graphite, where the
thermal desorption energy barriers were obtained by a series of tests with samples
temperature increased gradually while monitoring the changes of total mass of the graphite
and the adsorbed molecules using a quadrupole mass spectrometer [56]. The same EB
between graphene layers of ~50 meV/atom was reproduced using first principles
calculations [87, 88]. It can be seen from Table 1.3 that the MoS2, graphene, and WS2 all
showed a common EB value of ~19 meV/Å2 (equivalent to ~0.3 J/m2) as determined
experimentally for graphite [56, 89], indicating similar layer binding properties of these
2D materials. The low EB enabled easy layer sliding between the 2D materials for low
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adhesion and friction. It should be noted the binding energies of 0.3 J/m2 corresponds to
most stable structures of pristine 2D graphene and MoS2 materials, where a lower EB value
could be found if the layer stacking sequence changes from an AB stack to an AA stack
[90, 91]. Moreover, functional groups attached to the layers, such as H to graphene, also
reduced the EB values [92]. These EB values for pristine 2D layers and 2D layers with
functional groups are the key to understanding the frictional response of the materials in
different environments.
Table 1.３. First principles calculations of the interlayer binding energies (EB) of bilayer
(BL) and bulk materials of 2H-MoS2, graphene and other 2D materials. The EB is given in
meV/Å2 [89].

1.3 Friction Reduction by Graphene

1.3.1 Low friction of graphene

CNTs, as rolled up graphene sheets with high aspect ratios and high elastic modulus
of ~1 TPa, have been used in the forms of thin films [93-96] and lubricant additives [97,
98] to improve the tribological performance of metals and composites. The low friction of
CNTs was attributed to the rolling and slipping of the cylindrical tubes sometimes with
unzipping of CNTs to form graphene lamellae in the wear track [96, 99]. Compared to
CNTs, the combinational features of higher surface-to-volume ratios and the high elastic
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modulus of the layers make graphene potentially favorable for enhancing mechanical
properties, i.e. the hardness and elastic modulus, and the tribological performance of
engineering components [100-103]. On a macroscopic scale, monolayer and multilayer
graphene can effectively reduce the COF and wear between steel contact surfaces. As
shown in Figure 1.15 (a) for the sliding tests of steel surfaces in a hydrogen atmosphere,
one atomic thin graphene layer on the steel surface was sufficient to reduce the COF from
a high value of more than 0.6 to a steady and low COF of 0.22, with a long sliding life of
6400 cycles [104]. The COF could be further reduced to a lower value of 0.15 with an
extended sliding life of 47000 cycles if multilayer graphene was used; this would be due
to the layer shearing of multilayer graphene layers. Significant reduction in the wear rate
of steel balls is shown in Figure 1.15 (b), where the reduction was two orders more due to
the use of single layer and multilayer graphene. The sliding of a graphene covered Si3N4
ball against graphene layers in ball-on-plate tests showed a lower COF of 0.05 in ambient
conditions [105]. The effect of other atmospheres on the frictional behaviour of graphene
will be explained in the following subsection. It should be noted that damaged graphene in
the wear track and tribolayers was generally observed upon SEM, TEM, and Raman
characterization.
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Figure 1.15. (a) The coefficient of friction and (b) wear rate for steel sliding against steel
with and without the use of single layer and few‐layer graphene in hydrogen environment.
The 9.5 mm steel ball was used, and the ball-on-disk sliding tests were conducted under a
load of 1N at the speed of 9 cm/s [104].

Figure 1.16. Coefficient of friction with 0.0125 mg/mL and 0.025 mg/mL of graphene
added engine oil in comparison with that of pure engine oil. The tests were conducted by
rotating one steel ball against three steel balls under a load of 392 N using a four-ball test
machine [106].
In addition to thin films, graphene-based lubricant additives are also very promising
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for low friction and low wear. With the addition of graphene nanosheets to engine oil, the
COF and wear rate between the rotating steel balls were reported to decrease by 80% and
33% respectively [106]. As shown in Figure 1.16, the COF decreased from 0.11 for tests
performed in base oil to 0.09 for tests conducted in engine oil with the addition 0.0125
mg/ml graphene and to about 0.01 when the engine oil contained 0.025 mg/ml graphene.
When graphene was functionalized with octadecylamine molecules at defect sites, the
addition of 0.02 mg/ml graphene into commercial low viscosity 10W-40 engine oil reduced
the COF between steel surfaces to 0.07 from over 0.10 while showing stable dispersity of
graphene and maintaining the low viscosity [107]. A COF and wear rate reduction of steel
surfaces by more than 60% was observed in tests conducted in 10W-30 engine oil with the
addition of 0.05 wt% graphene [108]. Furthermore, the addition of a minimal quantity of
graphene to water significantly reduced friction and wear between the steel surfaces [109,
110]. Therefore, graphene can serve as a solvent-free lubricant.

1.3.2 Effects of atmospheres on friction of graphene

The low friction of DLC thin films has been attributed to the formation of graphitic
carbon transfer layers during the graphitization process of DLC under sliding contacts. The
friction experiments and atomic simulations have both shown that the low friction of
carbon materials requires passivation of the carbon surface for low adhesion [4, 22, 111,
112]. The passivation of the dangling bonds of DLC surfaces could be achieved either
during the preparation (i.e., hydrogenated DLC) or by applying the carbon materials in
passivating atmospheres that contain hydrogen or water to terminate the dangling bonds
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with H and OH. Unlike the sp3 bonding of DLC surface that would dissipate energy during
the graphitization process to form graphite like tribolayers, graphene in the sp2 bonding
can be easily transferred during the sliding contact due to the weak adhesion between layers
caused by van der Waals interactions. However, passivation of the graphene by H or OH
from hydrogen or water vapor in the sliding environment is also a requirement for low
friction, and the absence of passivation would otherwise lead to a high COF and wear of
the graphene [104, 113]. The first principles simulations have shown that graphane (H
terminated graphene), fluorographene (F terminated graphene), and graphene oxide (O
terminated) increase the interlayer spacing and reduce sliding impedance [114, 115].
The friction reduction behaviour of the graphene in the presence of water vapour
has been studied in several experiments. The effect of water on the low friction of graphene
was investigated by Bhowmick et al. [116]. In their study, 10% RH in air stabilized the
COF to 0.17 during sliding of the Ti-6Al-4V pin against the CVD grown multilayered
graphene, as shown in Figure 1.17. Meanwhile, the absence of water molecules in the dry
N2 air resulted in a high COF of 0.6 and significant wear of the graphene. Friction induced
damage of the graphene was revealed by Raman and SEM analyses of the graphene wear
tracks, and graphene tribolayers formed. The emergence of the Raman D peak at ~1350
cm-1 is the fingerprint of the damaged graphene, and an increased I(D)/I(G) ratio indicated
an increased degree of damage [117, 118]. As shown in Figure 1.18 (a), the sliding of
graphene against H-DLC, TiCN, and steel resulted in significant Raman D peak intensity
and an I(D)/I(G) ratio of more than one [57]. The damaged graphene with fractured edges
in the graphene wear track while sliding against H-DLC is shown in Figure 1.18 (b).
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Figure 1.17. Variation of the coefficient of friction (COF) against number of
revolutions when the graphene was graphene was tested against a Ti–6Al–4V counterface
in dry N2 and ambient air with 10% RH [116].
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Figure 1.18. (a) Micro-Raman spectra obtained from the wear tracks of multilayered
graphene tested against uncoated 52100, TiCN and H-DLC coated counterfaces.
Micro Raman spectrum of pristine graphene is presented for comparison; (b) SEM of the
damaged graphene in the wear track during sliding test of graphene against H-DLC [57].
Early research has shown that pristine graphene is hydrophobic and that the
dissociation of hydrogen and water molecules would require energy to overcome the
energy barrier because the carbon atoms within the sp 2 bonded graphene sheet have no
dangling bonds to adsorb the -OH or -H functional groups to the C atoms [119, 120].
The dissociation energy barrier of water molecule was reported to have a lower value
than pristine graphene if the graphene sheets contained defects according to the first
principles calculations [121]. The reactivity of various types of defective graphene
determined

using

first

monovacancy > hydrogenated

principles

calculations

zigzag

followed

edge > double

the

order

of

vacancy > Stone-

Wales > hydrogenated armchair edge > pristine graphene [122]. The existence of these
defects facilitates water dissociation by providing unsaturated dangling bonds to the
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dissociated functional groups, whereas the pristine graphene requires extra energy to
transforming sp3 bonds into sp2 bonds to provide adsorption sites for the dissociated
functional groups from water molecules. As shown in Figures 1.19 (a) and (b), the
nudged elastic band calculation using the DFT-D method to account for van der Waals
interactions showed high energy barriers of 3.64 eV and 1.78 eV for water and oxygen
molecules dissociation on pristine graphene [121]. Meanwhile, the presence of a
monovacancy defect significantly reduced the energy barrier of water dissociation (see
Figure 1.19c) to a lower value of 0.04 eV while increasing the energy barrier of oxygen
molecules to a higher value of 5.25 eV (see Figure 1.19d), indicating water rather than
oxygen molecules could be spontaneously dissociated at a monovacancy defect site of
graphene.

Figure 1.19. Reaction pathways for the dissociative adsorption of a H2O and an
O2 molecule on graphene. Pristine graphene (a) and (b); graphene with monovacancy (c)
and (d). Simulations were computed using the NEB method [121].
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There are many different perspectives in the investigation of water interacting with
graphene, and there is no systematic investigation in the literature using a combinational
approach of macro-scale tribological tests with first principles calculations that studies the
roles of sliding induced defects in reducing the friction of graphene. In Chapter 2 of this
dissertation, first principles calculations are used to investigate the water dissociative
adsorption mechanism on graphene, and the effects of the dissociated functional groups on
the adhesion and friction of graphene.

1.4 Friction Reduction by Molybdenum Disulfide

1.4.1 Low friction of molybdenum disulfide

Due to the low binding energy between the S–Mo–S molecular layers bonded by
van der Waals force, the easy shear of the lamella makes the MoS2 suitable for lubrication
applications. MoS2 coatings have been known for achieving low friction because of the
practical interest in space industry, such as ball bearings, gears, screws, journal bearings
and slides [123]. Various methods have been developed to apply the thin films to metal
substrates using vacuum technologies such as ion plating, arc-PVD, pulse laser deposition,
ion-beam assisted deposition (IBAD), and PECVD. The magnetron sputtering method used
in PVD processes has been commonly used to deposit MoS2 on steel and other metallic
substrates, as the preferable deposition temperature between 100 °C and 500 °C would
avoid irreversible phase transition in steel [124]. The films deposited by the sputtering have
a high hardness and good tribological performance, owing to the easy formation of the
MoS2 transfer layers on the sliding counterfaces assisted by the morphology of the coating.
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The PVD coating characterized by the HRTEM revealed nanocrystalline MoS2 with grain
size below 10 nm, as shown as shown in Figure 1.20 (a) [125]. MoS2 layers were highly
curved with randomly distributed basal planes. The gliding of the sheets of MoS2 in a way
similar to the removal of “cards” from a “deck” was attributed to the origin of the ultralow
friction of the material [126, 127]. During the sliding friction process, the MoS2 layers are
reoriented along the sliding direction, and the basal planes of the layers would lie parallel
to the substrate to enable the easy shear of the layers. The reorientation of the layers could
be seen in the cross section of a worn semi-amorphous MoS2 film, as shown in Figure 1.20
(b) [128].
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Figure 1.20. (a) High resolution TEM image of PVD sputtered pure MoS2 coating,
nanocrystalline MoS2 were with grain size of 10 nm. The coating thickness was about 300
nm [125]; (b) Cross section of a worn semi-amorphous MoS2 film with layers from MoS2
reoriented parallel to the substrate [128].
The MoS2 thin films exhibited ultralow COF below 0.002 and long wear life either
in high vacuum or in inert gas atmosphere, such as argon and nitrogen [129, 130]. As shown
in Figure 1.21, the low COF of 0.06 was observed during the sliding of a steel ball against
a PVD sputtered MoS2 coating under a load of 40 N, and the coating survived a long sliding
life of more than 350,000 cycles [130]. The periodic COF reduction may be related to the
replenishment of the MoS2 tribolayer on the steel ball sliding surface. However, the dry
lubrication performance of the MoS2 operating at a low earth orbit degraded with atomic
oxygen from the low earth orbit environment, where the COF and wear increased with
increasing atomic oxygen due to the erosion of MoS2 to form MoO2 and MoO3 [131, 132].
A summary of the COFs and wear rates of different types of MoS2 coatings sliding against
steel balls is shown in Figure 1.22 [133]. Ti-doped and MoS2/Ti multilayer coatings
showed improved tribological performance compared to a pure MoS2 coating, where
oxidation of the MoS2 from the atomic oxygen was impeded by the metal. Therefore, the
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low friction and wear performance of the coatings were maintained.

Figure 1.21. Coefficient of friction (COF) of a PVD sputtered MoS2 coating under high
vacuum conditions as a function of sliding cycles (residual pressure: 2 × 10−5 mbar). The
negative peaks corresponded to sliding periods when tests were paused and restarted. The
test was conducted by using a ball-on-disk type tribometer by using a 10 mm steel ball as
counterface under the load of 40 N and at sliding velocity of 0.5 m/s [130].
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Figure 1.22. Mean friction coefficient of MoS2, Ti-doped, and MoS2/Ti multilayer films
before and after atomic oxygen exposure for different exposure durations within 500r and
30000r tribo-tests [133].

Figure 1.23. Evolution of friction coefficient in a lubricated test for base oil (mineral and
synthetic), for hexagonal MoS2 (150NS base oil+2% (in mass) h-MoS2) and for fullerene
MoS2 at various concentrations (150NS base oil+2% (in mass) IF-MoS2 ) and (PAO base
oil+1% IF-MoS2 ) [134].
MoS2 plates could also be added to oil to achieve low friction. As shown in Figure
1.23, the addition of 3 wt% h-MoS2 into mineral base oil (150NS) reduced the COF from
0.11 to 0.07 [134]. The COF could be further reduced by the addition of IF-MoS2 to oil,
where low steady COFs of 0.05 and 0.04 were obtained by adding 1 wt% IF-MoS2 to PAO
and 2 wt% IF-MoS2 to PAO. It should be noted that the COF observed from the pin-onflat sliding tests in pure base oils were of higher values and in the range of 0.09–0.15. Ionic
MoS2 nanofluids obtained by surface functionalizing and ionically tethering nanoscale
graphite-like MoS2 from hydrothermal synthesis showed favorable tribological
performance with low COF and low wear and self-healing lubricating behaviours [135].
The lubrication performance of MoS2 was also reported dependent on the size and
morphology of MoS2, such as the formation of nanoscale sphere-like and fullerene-like
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structures [136, 137].

1.4.2 Effects of atmospheres on the friction of molybdenum disulfide

As shown in Section 1.4.1, the friction reduction of MoS2 has been attributed to the
interplanar shearing of the layers of the MoS2 tribolayers. When the shearing of the layers
occurs in vacuum or inert atmospheres, ultralow friction is achieved. However, if the
sliding was performed in an atmosphere containing humidity, the COF was higher and
oxides and sulphates formation was observed in the worn surfaces [138]. The oxidation of
MoS2 led to the degradation of coatings, where oxygen atoms may have caused
interlocking or notching of the basal surfaces that increased the layer sliding force
[139]. Although both molecular oxygen and water vapor can react with MoS2, water was
more likely to increase the COF of MoS2 according to the test with the presence of H2O in
dry N2, where only water could significantly decrease the lubrication performance [17].
The stable oxidation product, i.e. MoO3, was soft and non-abrasive with a low shear
strength plane (010) but was previously reported to be responsible for the increased friction
and wear of MoS2 in humid atmosphere [140].
Previous studies have suggested that water promotes oxidation at room
temperature. The reduced COF with an increase in testing temperature around a transition
temperature of 100 °C was attributed to the reduced relative humidity at MoS2 [141, 142].
Meanwhile, the increased COF above the transition temperature was recognized as the
effects of oxidation of the MoS2 to form MoO3 by oxygen molecules [142]. However, the
micro-Raman spectra investigation of the friction behaviour of the MoS2 at 330 °C revealed
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no MoO3 after a low steady state sliding with a COF of 0.1 for 6500 sliding cycles [143].
With the temperature raised to 350 °C, it took 600 cycles to observe the MoO3 Raman
peaks and a further 1600 cycles for significant MoO3 Raman peaks, which was
accompanied by a COF increase to 0.6 and the failure of the MoS2 coating. Therefore,
oxidation of MoS2 is not the only mechanisms for increased friction of MoS2, and the
degree of oxidation due to molecular oxygen is insignificant at room temperature.
Meanwhile, it was reported that the physisorption of water molecules to the MoS2 was
responsible for the increased COF during the running-in stage of friction, and value was
governed by the amount of water absorbed from the environment [142, 144]. As shown in
Figure 1.24, the increase in the COF with humidity at low partial pressure of water vapor
in test atmospheres and reached a plateau at more than 50% RH, and the fitted friction
curve was in alignment with the type V adsorption isotherm, where the saturation of the
water vapor corresponds to formation of monolayer adsorbed molecules [144].

Figure 1.24. Dependence of friction as a function of partial pressure of water vapor for
MoS2 sliding on a rubbed transfer film of MoS2 on copper. Sliding load was 30 N [144] .
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The mechanism for increased friction of MoS2 in a humid atmosphere has been
predominantly interpreted as the effect of MoS2 oxidation and/or the physisorption of water
molecules to MoS2 layers that result in the increased layer adhesion. However, the
interpretation lacks atomic insight into the formation of new physical or chemical bonds
between the layers that affect shearing of MoS2 layers. Moreover, it should be noted that
the most widely used MoS2 coatings prepared by magnetron sputtering contain growth
defects and curved layers of MoS2 [145]. As determined by the sliding tests with and
without adsorbed water molecules, Uemura et. al. [146] found that the water molecules
adsorbed at defects of the MoS2 crystal structure may be responsible for the increased COF.
The first principles calculations showed that S-vacancy (an S atom missing from the
structure) is the favored adsorption site for water molecules compared to defect free MoS2
due to the decreased the adsorption energy of -0.24 eV (see atomic structure in Figures
1.25 c and d) from -0.15 eV (See atomic structure in Figures 1.25 a and b), and the edge
was found more reactive with an adsorption energy of -1.34 eV for armchair edge (see
atomic structure in Figure 1.25 e) [147]. However, the interlayer binding energy calculation
for MoS2 interfaces with the water molecules intercalated showed the value decreased from
0.27 J/m2 for pristine MoS2 to -0.15 J/m2, whereas interlayer spacing increased from 3.07
Å to 4.53 Å due to water intercalation, indicating a less stable interface. The destabilized
interface due to the intercalation of H2O in the first principles simulations contradicts the
increased friction of MoS2, as high friction corresponds to high binding energy of the
interface. Because the defects serve as the reaction center that trap water molecules, it is
necessary to explore other types of defects, either preexisting ones or ones generated by
the sliding friction process, in order to unveil the friction mechanisms of MoS2 under
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humidity. For instance, a triple vacancy with a unit of MoS2 (three atoms) missing from
the basal planes was reported to be more reactive than the edge sites, and resulted in
spontaneous dissociative adsorption of the water molecule according to the spin polarized
DFT calculations that used projector augmented wave potentials and GGA exchangecorrelations functionals [148].
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Figure 1.25. Side and top view of water molecule adsorbed on MoS2: (a) and (b) pristine
MoS2; (c) and (d) at the S vacancy site of MoS2. (e) Colors in photos are white for H, red
for O, yellow for S, and gray for Mo [147].
The existing literature falls short in terms of explaining the role of defects in the
adsorption of water molecules and the oxidation of MoS2 and in explaining how adhesion
is increased by adsorbed water molecules that retard the layer shearing. In this dissertation,
first principles calculations and experimental analyses were used to study the role of defects
as the adsorption sites for dissociated and undissociated water molecules and the changes
in the interlayer binding energy between the MoS2 layers.

1.5 Scope and Organization

1.5.1 Scope of the dissertation

With the increasing trend of using 2D materials for friction reduction, it is of great
scientific and industrial importance to investigate the friction reduction mechanisms of the
mostly commonly used lubricants, graphene and MoS2, in various environments using
atomistic scale simulations and lab scale tribological analyses. The study of the friction
mechanisms of graphene and MoS2 will improve the understanding and application of other
carbon allotropes and transition metal dichalcogenides in different atmospheres.
Specifically, the tribological investigations will shed light on the use of 2D materials for
low friction and low wear between the piston/ring combinations, tool surfaces, and other
engineering surfaces in the aerospace and automotive sectors. The use of these materials is
one of the major constituents in mitigating greenhouse gas emissions.
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Due to the morphology and chemical stability of these materials, the tribological
performance of 2D materials varies according to the test atmospheres. One of the most
widely known examples is the effect of environmental humidity on the friction behaviour
of graphene and MoS2, where humidity from the test atmosphere reduces the friction of
graphene but increases that of MoS2. The low friction of these low dimensional materials
has been attributed to the formation of tribolayers of graphene and MoS2 thin films on the
contacting surfaces, as the rolling and shearing of layers bonded by van der Waals force
require lower energy than other layers bonded by covalent or metallic bonds. The sliding
induced defects in graphene and MoS2 have noticed in early studies, but the role played by
the defects in the tribological behaviour in humid atmospheres has yet to be studied. In this
thesis, effects of sliding induced defects on the frictional properties of 2D materials of
graphene and MoS2 in different environments are elucidated.

1.5.2 Organization of the dissertation

As pristine graphene is hydrophobic and inert to water molecules, the
chemisorption of water molecules during the sliding of graphene has been observed in early
studies. But the role of the sliding induced structural defects and water dissociative
adsorption in the friction of graphene is not well explained in the literature. In Chapter 2,
the sliding induced defects of graphene within the graphene thin films formed during
sliding tests are analyzed by Raman and TEM characterization with sample prepared by
cross-sectional focused ion beam technique (FIB/TEM). First principles calculations and
tribological tests are used to elucidate the role of defects in the reaction mechanisms of
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graphene with water molecules and the effect of water molecule dissociation on the
interlayer spacing and interlayer binding energy for the reduced friction of graphene.

After gaining an understanding of the effects of dissociative adsorption of
functional groups at sliding induced defect sites on the interlayer binding energy and
friction of graphene, the effectiveness of adding graphene into ethanol to lubricate the most
commonly used engineering materials, namely steel surfaces, is explored in Chapter 3. This
is done using lab scale sliding tests and microscopic surface characterizations, where
ethanol is a reproducible material and serves as a major constituent of biofuel while
providing H and OH functionals. Chapter 4 investigates the friction and adhesion reduction
behaviour between two surfaces of automotive materials, aluminum (engine body material)
and CrN (piston ring material), due to the addition of CNTs in ethanol using tribological
tests and analyses.

In Chapter 5, the structural defects from MoS2 layers are characterized using crosssectional FIB/TEM. Unlike the defect free CVD grown graphene, MoS2 thin films prepared
during the magnetron sputtering process incorporated structural defects. The roles of
structural defects on the chemisorption and physisorption of water molecules to MoS2 are
investigated using first principles calculations. The structures and adhesive properties of
MoS2 evaluated by first principles calculations were correlated with frictional behaviour in
tribological tests and microscopic FIB/TEM characterization of the MoS2 layers from the
worn surfaces.
Chapter 6 summarizes the author’s interpretation of the underlying mechanisms for
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graphene, CNTs, and MoS2 detailed in this dissertation. Chapter 7 discusses the
engineering and scientific impact of the investigation on development and application of
new types of 2D materials for low friction in various industrial and automotive sectors.
Suggestions for future work are also provided.

44

BIBLIOGRAPHY
[1] J. McFarlane, D. Tabor, Relation between friction and adhesion, Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences 202(1069) (1950)
244-253.
[2] A. Kinloch, The science of adhesion, J. Mater. Sci. 15(9) (1980) 2141-2166.
[3] S. Wilson, A. Alpas, Effect of temperature on the sliding wear performance of Al alloys
and Al matrix composites, Wear 196(1-2) (1996) 270-278.
[4] S. Bhowmick, A.T. Alpas, Minimum quantity lubrication drilling of aluminium–silicon
alloys in water using diamond-like carbon coated drills, Int. J. Mach. Tool. Manu. 48(1213) (2008) 1429-1443.
[5] Q. Li, T.E. Tullis, D. Goldsby, R.W. Carpick, Frictional ageing from interfacial bonding
and the origins of rate and state friction, Nature 480(7376) (2011) 233.
[6] J. Archard, Contact and rubbing of flat surfaces, J. Appl. Phys. 24(8) (1953) 981-988.
[7] D. Rigney, L. Chen, M.G. Naylor, A. Rosenfield, Wear processes in sliding systems,
Wear 100(1-3) (1984) 195-219.
[8] F. Sen, Y. Qi, A. Alpas, Material transfer mechanisms between aluminum and
fluorinated carbon interfaces, Acta Mater. 59(7) (2011) 2601-2614.
[9] F.G. Sen, A.T. Alpas, A.C. Van Duin, Y. Qi, Oxidation-assisted ductility of aluminium
nanowires, Nat. Commun. 5 (2014) 3959.
[10] A. Riahi, A. Alpas, The role of tribo-layers on the sliding wear behavior of graphitic
aluminum matrix composites, Wear 251(1-12) (2001) 1396-1407.
[11] H. Ronkainen, S. Varjus, K. Holmberg, Friction and wear properties in dry, water-and
oil-lubricated DLC against alumina and DLC against steel contacts, Wear 222(2) (1998)
120-128.
[12] S. Bhowmick, G. Sun, A. Alpas, Low friction behaviour of boron carbide coatings
(B4C) sliding against Ti–6Al–4V, Surf. Coat. Technol. 308 (2016) 316-327.
[13] A. Neville, A. Morina, T. Haque, M. Voong, Compatibility between tribological
surfaces and lubricant additives—how friction and wear reduction can be controlled by
surface/lube synergies, Tribol. Int. 40(10-12) (2007) 1680-1695.
[14] D. Berman, A. Erdemir, A.V. Sumant, Few layer graphene to reduce wear and friction
on sliding steel surfaces, Carbon 54 (2013) 454-459.
[15] S. Dong, J. Tu, X. Zhang, An investigation of the sliding wear behavior of Cu-matrix
45

composite reinforced by carbon nanotubes, Mater. Sci. Eng. A 313(1-2) (2001) 83-87.
[16] A. Banerji, S. Bhowmick, A. Alpas, Role of temperature on tribological behaviour of
Ti containing MoS2 coating against aluminum alloys, Surf. Coat. Technol. 314 (2017) 212.
[17] A. De Gee, G. Salomon, J. Zaat, On the mechanisms of MoS2-film failure in sliding
friction, ASLE Trans. 8(2) (1965) 156-163.
[18] J. Chen, I. Ratera, J.Y. Park, M. Salmeron, Velocity dependence of friction and
hydrogen bonding effects, Phys. Rev. Lett. 96(23) (2006) 236102.
[19] C.M. Mate, Tribology on the small scale: a bottom up approach to friction, lubrication,
and wear, Oxford University Press 2008.
[20] J.N. Israelachvili, Intermolecular and surface forces, Academic press 2011.
[21] H. Guo, Y. Qi, X. Li, Adhesion at diamond/metal interfaces: A density functional
theory study, J. Appl. Phys. 107(3) (2010) 033722.
[22] Y. Qi, E. Konca, A.T. Alpas, Atmospheric effects on the adhesion and friction between
non-hydrogenated diamond-like carbon (DLC) coating and aluminum–A first principles
investigation, Surf. Sci. 600(15) (2006) 2955-2965.
[23] Y. Gongyang, W. Ouyang, C. Qu, M. Urbakh, B. Quan, M. Ma, Q. Zheng,
Temperature and velocity dependent friction of a microscale graphite-DLC heterostructure,
Friction (2019) 1-9.
[24] C. Donnet, J. Fontaine, A. Grill, T. Le Mogne, The role of hydrogen on the friction
mechanism of diamond-like carbon films, Tribol. Lett. 9(3-4) (2001) 137-142.
[25] Z.-D. Sha, V. Sorkin, P.S. Branicio, Q.-X. Pei, Y.-W. Zhang, D.J. Srolovitz, Largescale molecular dynamics simulations of wear in diamond-like carbon at the nanoscale,
Appl. Phys. Lett. 103(7) (2013) 073118.
[26] F.G. Sen, A.T. Alpas, A.C. Van Duin, Y. Qi, Oxidation-assisted ductility of
aluminium nanowires, Nat. Commun. 5(1) (2014) 1-9.
[27] N. Gunkelmann, E.M. Bringa, Y. Rosandi, Molecular dynamics simulations of
aluminum foams under tension: influence of oxidation, J. Phys. Chem. C 122(45) (2018)
26243-26250.
[28] Y. Qi, L.G. Hector Jr, Hydrogen effect on adhesion and adhesive transfer at
aluminum/diamond interfaces, Phys. Rev. B 68(20) (2003) 201403.
[29] Y. Qi, L.G. Hector Jr, Adhesion and adhesive transfer at aluminum/diamond
interfaces: a first-principles study, Phys. Rev. B 69(23) (2004) 235401.
46

[30] C. Cáceres, C. Davidson, J. Griffiths, The deformation and fracture behaviour of an
Al Si Mg casting alloy, Mater. Sci. Eng. A 197(2) (1995) 171-179.
[31] F. Sen, X. Meng-Burany, M. Lukitsch, Y. Qi, A. Alpas, Low friction and
environmentally stable diamond-like carbon (DLC) coatings incorporating silicon, oxygen
and fluorine sliding against aluminum, Surf. Coat. Technol. 215 (2013) 340-349.
[32] T. Kuwahara, G. Moras, M. Moseler, Friction regimes of water-lubricated diamond
(111): role of interfacial ether groups and tribo-induced aromatic surface reconstructions,
Phys. Rev. Lett. 119(9) (2017) 096101.
[33] Data accquired from Google trend search on June 12,
https://trends.google.com/trends/explore?date=all&q=%2Fm%2F011q4jz6.

2019:

[34] V. Georgakilas, J.A. Perman, J. Tucek, R. Zboril, Broad family of carbon
nanoallotropes: classification, chemistry, and applications of fullerenes, carbon dots,
nanotubes, graphene, nanodiamonds, and combined superstructures, Chem. Rev. 115(11)
(2015) 4744-4822.
[35] H. Rydberg, M. Dion, N. Jacobson, E. Schröder, P. Hyldgaard, S. Simak, D.C.
Langreth, B.I. Lundqvist, Van der Waals density functional for layered structures, Phys.
Rev. Lett. 91(12) (2003) 126402.
[36] Y. Liu, N.O. Weiss, X. Duan, H.-C. Cheng, Y. Huang, X. Duan, Van der Waals
heterostructures and devices, Nat. Rev. Mater. 1(9) (2016) 16042.
[37] D. Berman, S.A. Deshmukh, S.K. Sankaranarayanan, A. Erdemir, A.V. Sumant,
Macroscale superlubricity enabled by graphene nanoscroll formation, Science 348(6239)
(2015) 1118-1122.
[38] D.H. Cao, C.C. Stoumpos, O.K. Farha, J.T. Hupp, M.G. Kanatzidis, 2D homologous
perovskites as light-absorbing materials for solar cell applications, J. Am. Chem. Soc.
137(24) (2015) 7843-7850.
[39] H. Gao, H. Duan, 2D and 3D graphene materials: Preparation and bioelectrochemical
applications, Biosens. Bioelectron. 65 (2015) 404-419.
[40] X. Li, J. Yin, J. Zhou, W. Guo, Large area hexagonal boron nitride monolayer as
efficient atomically thick insulating coating against friction and oxidation, Nanotechnology
25(10) (2014) 105701.
[41]
Website
accessed
on
June
https://www.nobelprize.org/prizes/physics/2010/summary.

12,

2019:

[42] A.K. Geim, Graphene: status and prospects, Science 324(5934) (2009) 1530-1534.
[43] A. Gupta, T. Sakthivel, S. Seal, Recent development in 2D materials beyond graphene,
47

Prog. Mater. Sci. 73 (2015) 44-126.
[44] S. Manzeli, D. Ovchinnikov, D. Pasquier, O.V. Yazyev, A. Kis, 2D transition metal
dichalcogenides, Nat. Rev. Mater. 2(8) (2017) 17033.
[45] K. Shavanova, Y. Bakakina, I. Burkova, I. Shtepliuk, R. Viter, A. Ubelis, V. Beni, N.
Starodub, R. Yakimova, V. Khranovskyy, Application of 2D non-graphene materials and
2D oxide nanostructures for biosensing technology, Sensors 16(2) (2016) 223.
[46] D. Chung, Review graphite, J. Mater. Sci. 37(8) (2002) 1475-1489.
[47] N.D. Mermin, Crystalline order in two dimensions, Phys. Rev. 176(1) (1968) 250.
[48] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.
Grigorieva, A.A. Firsov, Electric field effect in atomically thin carbon films, Science
306(5696) (2004) 666-669.
[49] A.K. Geim, K.S. Novoselov, The rise of graphene, Nanoscience and Technology: A
Collection of Reviews from Nature Journals, World Scientific 2010, pp. 11-19.
[50] M. Terrones, A.R. Botello-Méndez, J. Campos-Delgado, F. Lopez-Urias, Y.I. VegaCantú, F.J. Rodríguez-Macías, A.L. Elías, E. Munoz-Sandoval, A.G. Cano-Márquez, J.-C.
Charlier, Graphene and graphite nanoribbons: Morphology, properties, synthesis, defects
and applications, Nano Today 5(4) (2010) 351-372.
[51] D.V. Kosynkin, A.L. Higginbotham, A. Sinitskii, J.R. Lomeda, A. Dimiev, B.K. Price,
J.M. Tour, Longitudinal unzipping of carbon nanotubes to form graphene nanoribbons,
Nature 458(7240) (2009) 872.
[52] R.S. Edwards, K.S. Coleman, Graphene synthesis: relationship to applications,
Nanoscale 5(1) (2013) 38-51.
[53] C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elastic properties and
intrinsic strength of monolayer graphene, Science 321(5887) (2008) 385-388.
[54] J.C. Meyer, C. Kisielowski, R. Erni, M.D. Rossell, M. Crommie, A. Zettl, Direct
imaging of lattice atoms and topological defects in graphene membranes, Nano Lett. 8(11)
(2008) 3582-3586.
[55] Ç.Ö. Girit, J.C. Meyer, R. Erni, M.D. Rossell, C. Kisielowski, L. Yang, C.-H. Park,
M. Crommie, M.L. Cohen, S.G. Louie, Graphene at the edge: stability and dynamics,
Science 323(5922) (2009) 1705-1708.
[56] R. Zacharia, H. Ulbricht, T. Hertel, Interlayer cohesive energy of graphite from
thermal desorption of polyaromatic hydrocarbons, Phys. Rev. B 69(15) (2004) 155406.
[57] S. Bhowmick, A. Banerji, A. Alpas, Friction reduction mechanisms in multilayer
48

graphene sliding against hydrogenated diamond-like carbon, Carbon 109 (2016) 795-804.
[58] C. Feng, C. Lin, W. Fan, R. Zhang, M.A. Van Hove, Stacking of polycyclic aromatic
hydrocarbons as prototype for graphene multilayers, studied using density functional
theory augmented with a dispersion term, J. Chem. Phys. 131(19) (2009) 194702.
[59] A. Grüneis, C. Attaccalite, L. Wirtz, H. Shiozawa, R. Saito, T. Pichler, A. Rubio,
Tight-binding description of the quasiparticle dispersion of graphite and few-layer
graphene, Phys. Rev. B 78(20) (2008) 205425.
[60] Y. Liu, Z. Liu, W.S. Lew, Q.J. Wang, Temperature dependence of the electrical
transport properties in few-layer graphene interconnects, Nanoscale research letters 8(1)
(2013) 335.
[61] R.J. Nemanich, S. Solin, First-and second-order Raman scattering from finite-size
crystals of graphite, Phys. Rev. B 20(2) (1979) 392.
[62] A.C. Ferrari, Raman spectroscopy of graphene and graphite: Disorder, electronphonon coupling, doping and nonadiabatic effects, Solid State Commun 143(1-2) (2007)
47-57.
[63] L. Cancado, M. Pimenta, B. Neves, M. Dantas, A. Jorio, Influence of the atomic
structure on the Raman spectra of graphite edges, Phys. Rev. Lett. 93(24) (2004) 247401.
[64] A. Zandiatashbar, G.-H. Lee, S.J. An, S. Lee, N. Mathew, M. Terrones, T. Hayashi,
C.R. Picu, J. Hone, N. Koratkar, Effect of defects on the intrinsic strength and stiffness of
graphene, Nat. Commun. 5 (2014) 3186.
[65] K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud'Homme, I.A. Aksay, R. Car, Raman
spectra of graphite oxide and functionalized graphene sheets, Nano Lett. 8(1) (2008) 3641.
[66] J. Kotakoski, A. Krasheninnikov, U. Kaiser, J. Meyer, From point defects in graphene
to two-dimensional amorphous carbon, Phys. Rev. Lett. 106(10) (2011) 105505.
[67] X. Jia, M. Hofmann, V. Meunier, B.G. Sumpter, J. Campos-Delgado, J.M. RomoHerrera, H. Son, Y.-P. Hsieh, A. Reina, J. Kong, Controlled formation of sharp zigzag and
armchair edges in graphitic nanoribbons, Science 323(5922) (2009) 1701-1705.
[68] L. Li, S. Reich, J. Robertson, Defect energies of graphite: Density-functional
calculations, Phys. Rev. B 72(18) (2005) 184109.
[69] J. Ma, D. Alfe, A. Michaelides, E. Wang, Stone-Wales defects in graphene and other
planar s p 2-bonded materials, Phys. Rev. B 80(3) (2009) 033407.
[70] A. El-Barbary, R. Telling, C. Ewels, M. Heggie, P. Briddon, Structure and energetics
of the vacancy in graphite, Phys. Rev. B 68(14) (2003) 144107.
49

[71] A. Krasheninnikov, P. Lehtinen, A. Foster, R. Nieminen, Bending the rules:
Contrasting vacancy energetics and migration in graphite and carbon nanotubes, Chem.
Phys. Lett. 418(1-3) (2006) 132-136.
[72] P. Koskinen, S. Malola, H. Häkkinen, Self-passivating edge reconstructions of
graphene, Phys. Rev. Lett. 101(11) (2008) 115502.
[73] M. Chhowalla, H.S. Shin, G. Eda, L.-J. Li, K.P. Loh, H. Zhang, The chemistry of twodimensional layered transition metal dichalcogenide nanosheets, Nat. Chem. 5(4) (2013)
263.
[74] D. Voiry, M. Salehi, R. Silva, T. Fujita, M. Chen, T. Asefa, V.B. Shenoy, G. Eda, M.
Chhowalla, Conducting MoS2 nanosheets as catalysts for hydrogen evolution reaction,
Nano Lett. 13(12) (2013) 6222-6227.
[75] S.J. Sandoval, D. Yang, R. Frindt, J. Irwin, Raman study and lattice dynamics of single
molecular layers of MoS2, Phys. Rev. B 44(8) (1991) 3955.
[76] D. Xu, Y. Zhu, J. Liu, Y. Li, W. Peng, G. Zhang, F. Zhang, X. Fan, Microwaveassisted 1T to 2H phase reversion of MoS2 in solution: a fast route to processable
dispersions of 2H-MoS2 nanosheets and nanocomposites, Nanotechnology 27(38) (2016)
385604.
[77] K.S. Novoselov, D. Jiang, F. Schedin, T. Booth, V. Khotkevich, S. Morozov, A.K.
Geim, Two-dimensional atomic crystals, Proc. Natl. Acad. Sci. 102(30) (2005) 1045110453.
[78] X. Huang, Z. Zeng, H. Zhang, Metal dichalcogenide nanosheets: preparation,
properties and applications, Chem. Soc. Rev. 42(5) (2013) 1934-1946.
[79] H. Wang, C. Li, P. Fang, Z. Zhang, J.Z. Zhang, Synthesis, properties, and
optoelectronic applications of two-dimensional MoS2 and MoS2-based heterostructures,
Chem. Soc. Rev. 47(16) (2018) 6101-6127.
[80] Y. Zhan, Z. Liu, S. Najmaei, P.M. Ajayan, J. Lou, Large‐area vapor‐phase growth
and characterization of MoS2 atomic layers on a SiO2 substrate, Small 8(7) (2012) 966971.
[81] S. Bertolazzi, J. Brivio, A. Kis, Stretching and breaking of ultrathin MoS2, ACS Nano
5(12) (2011) 9703-9709.
[82] M. Benameur, B. Radisavljevic, J. Heron, S. Sahoo, H. Berger, A. Kis, Visibility of
dichalcogenide nanolayers, Nanotechnology 22(12) (2011) 125706.
[83] C. Grossiord, K. Varlot, J.-M. Martin, T. Le Mogne, C. Esnouf, K. Inoue, MoS2 single
sheet lubrication by molybdenum dithiocarbamate, Tribol. Int. 31(12) (1998) 737-743.

50

[84] A.C. Ferrari, F. Bonaccorso, V. Fal'Ko, K.S. Novoselov, S. Roche, P. Bøggild, S.
Borini, F.H. Koppens, V. Palermo, N. Pugno, Science and technology roadmap for
graphene, related two-dimensional crystals, and hybrid systems, Nanoscale 7(11) (2015)
4598-4810.
[85] J. Klimeš, D.R. Bowler, A. Michaelides, Van der Waals density functionals applied
to solids, Phys. Rev. B 83(19) (2011) 195131.
[86] K. Lee, É.D. Murray, L. Kong, B.I. Lundqvist, D.C. Langreth, Higher-accuracy van
der Waals density functional, Phys. Rev. B 82(8) (2010) 081101.
[87] L. Spanu, S. Sorella, G. Galli, Nature and strength of interlayer binding in graphite,
Phys. Rev. Lett. 103(19) (2009) 196401.
[88] E. Hazrati, G. De Wijs, G. Brocks, Li intercalation in graphite: A van der Waals
density-functional study, Phys. Rev. B 90(15) (2014) 155448.
[89] J. He, K. Hummer, C. Franchini, Stacking effects on the electronic and optical
properties of bilayer transition metal dichalcogenides MoS2, MoSe2, WS2, and WSe2, Phys.
Rev. B 89(7) (2014) 075409.
[90] W. Tao, G. Qing, L. Yan, S. Kuang, A comparative investigation of an AB-and AAstacked bilayer graphene sheet under an applied electric field: A density functional theory
study, Chin. Phys. B 21(6) (2012) 067301.
[91] P. Tao, H.-H. Guo, T. Yang, Z.-D. Zhang, Stacking stability of MoS2 bilayer: An ab
initio study, Chin. Phys. B 23(10) (2014) 106801.
[92] B.S. Pujari, S. Gusarov, M. Brett, A. Kovalenko, Single-side-hydrogenated graphene:
Density functional theory predictions, Phys. Rev. B 84(4) (2011) 041402.
[93] K. Mylvaganam, L.C. Zhang, K.Q. Xiao, Origin of friction in films of horizontally
oriented carbon nanotubes sliding against diamond, Carbon 47(7) (2009) 1693-1700.
[94] H. Kinoshita, I. Kume, M. Tagawa, N. Ohmae, High friction of a vertically aligned
carbon-nanotube film in microtribology, Appl. Phys. Lett. 85(14) (2004) 2780-2781.
[95] P.L. Dickrell, S.K. Pal, G.R. Bourne, C. Muratore, A.A. Voevodin, P.M. Ajayan, L.S.
Schadler, W.G. Sawyer, Tunable friction behavior of oriented carbon nanotube films,
Tribol. Lett. 24(1) (2006) 85-90.
[96] K. Miyoshi, K. Street Jr, R. Vander Wal, R. Andrews, A. Sayir, Solid lubrication by
multiwalled carbon nanotubes in air and in vacuum, Tribol. Lett. 19(3) (2005) 191-201.
[97] L. Joly-Pottuz, F. Dassenoy, B. Vacher, J. Martin, T. Mieno, Ultralow friction and
wear behaviour of Ni/Y-based single wall carbon nanotubes (SWNTs), Tribol. Int. 37(1112) (2004) 1013-1018.
51

[98] C. Chen, X. Chen, L. Xu, Z. Yang, W. Li, Modification of multi-walled carbon
nanotubes with fatty acid and their tribological properties as lubricant additive, Carbon
43(8) (2005) 1660-1666.
[99] M. Falvo, R. Taylor Ii, A. Helser, V. Chi, F.P. Brooks Jr, S. Washburn, R. Superfine,
Nanometre-scale rolling and sliding of carbon nanotubes, Nature 397(6716) (1999) 236.
[100] S. Stankovich, D.A. Dikin, G.H. Dommett, K.M. Kohlhaas, E.J. Zimney, E.A. Stach,
R.D. Piner, S.T. Nguyen, R.S. Ruoff, Graphene-based composite materials, Nature
442(7100) (2006) 282.
[101] J. Hwang, T. Yoon, S.H. Jin, J. Lee, T.S. Kim, S.H. Hong, S. Jeon, Enhanced
mechanical properties of graphene/copper nanocomposites using a molecular ‐ level
mixing process, Adv. Mater. 25(46) (2013) 6724-6729.
[102] Y. Kim, J. Lee, M.S. Yeom, J.W. Shin, H. Kim, Y. Cui, J.W. Kysar, J. Hone, Y.
Jung, S. Jeon, Strengthening effect of single-atomic-layer graphene in metal–graphene
nanolayered composites, Nat. Commun. 4 (2013) 2114.
[103] F. Chen, J. Ying, Y. Wang, S. Du, Z. Liu, Q. Huang, Effects of graphene content on
the microstructure and properties of copper matrix composites, Carbon 96 (2016) 836-842.
[104] D. Berman, S.A. Deshmukh, S.K. Sankaranarayanan, A. Erdemir, A.V. Sumant,
Extraordinary macroscale wear resistance of one atom thick graphene layer, Adv. Funct.
Mater. 24(42) (2014) 6640-6646.
[105] P. Wu, X. Li, C. Zhang, X. Chen, S. Lin, H. Sun, C.-T. Lin, H. Zhu, J. Luo, Selfassembled graphene film as low friction solid lubricant in macroscale contact, ACS Appl.
Mater. Interfaces 9(25) (2017) 21554-21562.
[106] V. Eswaraiah, V. Sankaranarayanan, S. Ramaprabhu, Graphene-based engine oil
nanofluids for tribological applications, ACS Appl. Mater. Interfaces 3(11) (2011) 42214227.
[107] H.P. Mungse, O.P. Khatri, Chemically functionalized reduced graphene oxide as a
novel material for reduction of friction and wear, J. Phys. Chem. C 118(26) (2014) 1439414402.
[108] X. Wang, Y. Zhang, Z. Yin, Y. Su, Y. Zhang, J. Cao, Experimental research on
tribological properties of liquid phase exfoliated graphene as an additive in SAE 10W-30
lubricating oil, Tribol. Int. 135 (2019) 29-37.
[109] S. Liang, Z. Shen, M. Yi, L. Liu, X. Zhang, S. Ma, In-situ exfoliated graphene for
high-performance water-based lubricants, Carbon 96 (2016) 1181-1190.
[110] J. Zhang, P. Li, Z. Zhang, X. Wang, J. Tang, H. Liu, Q. Shao, T. Ding, A. Umar, Z.
Guo, Solvent-free graphene liquids: promising candidates for lubricants without the base
52

oil, J. Colloid Interface Sci. 542 (2019) 159-167.
[111] A. Konicek, D. Grierson, A. Sumant, T. Friedmann, J. Sullivan, P. Gilbert, W.
Sawyer, R.W. Carpick, Influence of surface passivation on the friction and wear behavior
of ultrananocrystalline diamond and tetrahedral amorphous carbon thin films, Phys. Rev.
B 85(15) (2012) 155448.
[112] H. Guo, Y. Qi, Environmental conditions to achieve low adhesion and low friction
on diamond surfaces, Modell. Simul. Mater. Sci. Eng. 18(3) (2010) 034008.
[113] J.-C. Rietsch, P. Brender, J. Dentzer, R. Gadiou, L. Vidal, C. Vix-Guterl, Evidence
of water chemisorption during graphite friction under moist conditions, Carbon 55 (2013)
90-97.
[114] L.-F. Wang, T.-B. Ma, Y.-Z. Hu, H. Wang, T.-M. Shao, Ab initio study of the friction
mechanism of fluorographene and graphane, J. Phys. Chem. C 117(24) (2013) 1252012525.
[115] L.-F. Wang, T.-B. Ma, Y.-Z. Hu, H. Wang, Atomic-scale friction in graphene oxide:
An interfacial interaction perspective from first-principles calculations, Phys. Rev. B
86(12) (2012) 125436.
[116] S. Bhowmick, A. Banerji, A.T. Alpas, Role of humidity in reducing sliding friction
of multilayered graphene, Carbon 87 (2015) 374-384.
[117] L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman spectroscopy
in graphene, Phys. Rep. 473(5-6) (2009) 51-87.
[118] R. Saito, M. Hofmann, G. Dresselhaus, A. Jorio, M. Dresselhaus, Raman
spectroscopy of graphene and carbon nanotubes, Adv. Phys. 60(3) (2011) 413-550.
[119] P. Cabrera-Sanfelix, G.R. Darling, Dissociative adsorption of water at vacancy
defects in graphite, J. Phys. Chem. C 111(49) (2007) 18258-18263.
[120] S. Xu, S. Irle, D. Musaev, M. Lin, Quantum chemical study of the dissociative
adsorption of OH and H2O on pristine and defective graphite (0001) surfaces: reaction
mechanisms and kinetics, J. Phys. Chem. C 111(3) (2007) 1355-1365.
[121] Z. Xu, Z. Ao, D. Chu, A. Younis, C.M. Li, S. Li, Reversible hydrophobic to
hydrophilic transition in graphene via water splitting induced by UV irradiation, Sci. Rep.
4 (2014) 6450.
[122] P.A. Denis, F. Iribarne, Comparative study of defect reactivity in graphene, J. Phys.
Chem. C 117(37) (2013) 19048-19055.
[123] E. Roberts, Thin solid lubricant films in space, Tribol. Int. 23(2) (1990) 95-104.

53

[124] C. Donnet, A. Erdemir, Solid lubricant coatings: recent developments and future
trends, Tribol. Lett. 17(3) (2004) 389-397.
[125] J.-M. Martin, Superlubricity of molybdenum disulfide, Superlubricity, Elsevier
2007, pp. 207-225.
[126] R. Chianelli, E. Prestridge, T. Pecoraro, J. DeNeufville, Molybdenum disulfide in
the poorly crystalline "Rag" structure, Science 203(4385) (1979) 1105-1107.
[127] T. Scharf, S. Prasad, Solid lubricants: a review, J. Mater. Sci. 48(2) (2013) 511-531.
[128] J. Moser, F. Levy, Crystal reorientation and wear mechanisms in MoS2 lubricating
thin films investigated by TEM, J. Mater. Res. 8(1) (1993) 206-213.
[129] J. Martin, C. Donnet, T. Le Mogne, T. Epicier, Superlubricity of molybdenum
disulphide, Phys. Rev. B 48(14) (1993) 10583.
[130] T. Gradt, T. Schneider, Tribological performance of MoS2 coatings in various
environments, Lubricants 4(3) (2016) 32.
[131] M. Tagawa, M. Muromoto, S. Hachiue, K. Yokota, N. Ohmae, K. Matsumoto, M.
Suzuki, Hyperthermal atomic oxygen interaction with MoS2 lubricants and relevance to
space environmental effects in low earth orbit–effects on friction coefficient and wear-life,
Tribol. Lett. 18(4) (2005) 437-443.
[132] M. Tagawa, K. Yokota, K. Matsumoto, M. Suzuki, Y. Teraoka, A. Kitamura, M.
Belin, J. Fontaine, J. Martin, Space environmental effects on MoS2 and diamond-like
carbon lubricating films: Atomic oxygen-induced erosion and its effect on tribological
properties, Surf. Coat. Technol. 202(4-7) (2007) 1003-1010.
[133] P. Wang, L. Qiao, J. Xu, W. Li, W. Liu, Erosion mechanism of MoS2-based films
exposed to atomic oxygen environments, ACS Appl. Mater. Interfaces 7(23) (2015) 1294312950.
[134] L. Cizaire, B. Vacher, T. Le Mogne, J. Martin, L. Rapoport, A. Margolin, R. Tenne,
Mechanisms of ultra-low friction by hollow inorganic fullerene-like MoS2 nanoparticles,
Surf. Coat. Technol. 160(2-3) (2002) 282-287.
[135] S. Gu, Y. Zhang, B. Yan, Solvent-free ionic molybdenum disulfide (MoS2)
nanofluids with self-healing lubricating behaviors, Mater. Lett. 97 (2013) 169-172.
[136] Z.Y. Xu, K.H. Hu, C.L. Han, X.G. Hu, Y.F. Xu, Morphological influence of
molybdenum disulfide on the tribological properties of rapeseed oil, Tribol. Lett. 49(3)
(2013) 513-524.
[137] L. Rapoport, Y. Feldman, M. Homyonfer, H. Cohen, J. Sloan, J. Hutchison, R.
Tenne, Inorganic fullerene-like material as additives to lubricants: structure–function
54

relationship, Wear 225 (1999) 975-982.
[138] J. Lancaster, A review of the influence of environmental humidity and water on
friction, lubrication and wear, Tribol. Int. 23(6) (1990) 371-389.
[139] P.D. Fleischauer, J.R. Lince, A comparison of oxidation and oxygen substitution in
MoS2 solid film lubricants, Tribol. Int. 32(11) (1999) 627-636.
[140] M.N. Gardos, The synergistic effects of graphite on the friction and wear of MoS 2
films in air, Tribol. Trans. 31(2) (1988) 214-227.
[141] T. Kubart, T. Polcar, L. Kopecký, R. Novak, D. Novakova, Temperature dependence
of tribological properties of MoS2 and MoSe2 coatings, Surf. Coat. Technol. 193(1-3)
(2005) 230-233.
[142] H. Khare, D. Burris, The effects of environmental water and oxygen on the
temperature-dependent friction of sputtered molybdenum disulfide, Tribol. Lett. 52(3)
(2013) 485-493.
[143] C. Muratore, J.E. Bultman, S.M. Aouadi, A.A. Voevodin, In situ Raman
spectroscopy for examination of high temperature tribological processes, Wear 270(3-4)
(2011) 140-145.
[144] A. Haltner, C. Oliver, Effect of water vapor on friction of molybdenum disulfide,
Ind. Eng. Chem. Fundam. 5(3) (1966) 348-355.
[145] J. Moser, H. Liao, F. Levy, Texture characterisation of sputtered MoS2 thin films by
cross-sectional TEM analysis, J. Phys. D: Appl. Phys. 23(5) (1990) 624.
[146] M. Uemura, K. Saito, K. Nakao, A mechanism of vapor effect on friction coefficient
of molybdenum disulfide, Tribol. Trans. 33(4) (1990) 551-556.
[147] G. Levita, P. Restuccia, M.C. Righi, Graphene and MoS 2 interacting with water: A
comparison by ab initio calculations, Carbon 107 (2016) 878-884.
[148] C. Ataca, S. Ciraci, Dissociation of H2O at the vacancies of single-layer MoS2, Phys.
Rev. B 85(19) (2012) 195410.

55

CHAPTER 2
Roles of Sliding-Induced Defects and Dissociated Water
Molecules on Low Friction of Graphene

2.1. Introduction
The reduction of friction by using carbon-based materials either in the bulk form,
or as surface coatings, is an important technological alternative to the usage of liquid
lubricants [1-3]. The low coefficient of friction (COF) of graphite arises from shearing of
the basal planes but the COF is not an intrinsic property [4], as it depends on the presence
of dissociated water and/or oxygen molecules in the environment [5-8] . Similarly, low
COF values of polycrystalline diamond (PCD) and diamond-like carbon (DLC) coatings
were often attributed to the saturation of the dangling carbon bonds at the contact surfaces
with dissociatively adsorbed gas molecules [9-11]. Ideally, graphene is a two dimensional
array of carbon atoms, characterized by Raman peaks at 1580 cm-1 and 2700 cm-1 [12].
While the 2D peak of graphite at 2700 cm-1 consists of two separate components, namely
2D1 and 2D2, a single sharp 2D peak is the distinguishing feature of graphene [13]. Lowload (1 nN) sliding experiments conducted using friction force microscope showed that the
multilayered graphene with more than four layers (produced by mechanical exfoliation)
exhibited a low COF of 0.2 under an ambient atmosphere with 25% relative humidity (RH)
compared to a higher COF of 0.4 for the monolayer graphene [14]. Ethanol processed
monolayer graphene tested using a ball-on-disk tribometer at a load of 1 N under a dry H2
atmosphere showed a low COF of 0.22, whereas once the same sliding tests were
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conducted on three or four-layer graphene the COF decreased to 0.15 [15]. CVD deposited
multilayer graphene tested using a pin-on-disk tribometer at 1 N showed a high COF of
0.52 in a dry N2 atmosphere, but a low steady state COF value of 0.11 in an air atmosphere
with 45% RH [16]. Density functional theory (DFT) studies showed that epoxy and
hydroxyl groups on pristine graphene could reduce the adhesion between graphene layers
contributing to low friction [17]. The relation between adhesion and friction should be
interpreted with caution, it has been suggested the friction force depends on adhesion
energy hysteresis [18].
Considering the friction behaviour of other carbon based materials, polycrystalline
diamond (PCD) tested in an ambient air with 37% RH against a ceramic counterface was
shown to exhibit a COF of 0.10, but a COF of 0.55 was recorded in a dry N 2 [19]. A high
COF of 0.70 for nanocrystalline diamond sliding in high vacuum (10-9 Pa) was reported in
another study, which also observed that introduction of water vapour reduced the COF to
<0.05 while in an hydrogen atmosphere COF values of < 0.01were recorded [20]. The low
COF of nanocrystalline diamond in water vapour and hydrogen atmospheres were
attributed to OH and H termination of surface C atoms. The non-hydrogenated grades of
diamond-like carbon (NH-DLC) coatings showed a reduction in COF with an increase in
the humidity [10]. It was proposed that the dangling sp3 carbon bonds in PCD were
terminated by a physisorbed water layer while for the NH-DLC the sp2 hybridized carbon
atoms were converted to sp3 as a result of moisture adsorption [11, 21].
Density functional theory (DFT) based calculations showed that the chemisorption
of C atoms by H atoms on a diamond (111) surface would reduce the work of separation
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between an Al interface and H terminated C atoms to 0.02 J/m2 compared to 4.08 J/m2 for
C without H termination [22]. For a diamond (111) surface, DFT computations predicted
a low H2O dissociation energy barrier (Eb) of 0.122 eV[23]. Contrary to diamond, pristine
graphene does not possess dangling bonds. According to DFT calculations a large Eb was
calculated for dissociative adsorption of H2O on pristine graphene [24].
Formation of sliding-induced defects should be considered as an important part of
friction mechanisms of graphene. Raman spectroscopy of the worn graphene surfaces
indicated generation of D, and split G peaks due to the formation of defects during sliding
contact [16]. Edge fracture of graphene plates within the wear tracks were also reported
[25]. Static atomic force indentation experiments revealed a reduced elastic modulus for
graphene upon the introduction of vacancies [26]. A decrease in the fracture strength of
graphene was reported to occur as a result of introduction of Ar+ irradiation defects [27].
It was shown that vacancy formation and adsorption of the hydroxyl groups would reduce
the strength and elastic modulus of graphene [28].
H2O dissociation processes may be facilitated by the formation of defects in
graphene [29]. Eb values calculated for water dissociation on graphene using different
computation techniques indicated that water dissociation process favoured the monovacancy graphene but not the pristine graphene [24, 30, 31]. Various types of defects may
exist in graphene including mono- and multi-vacancies, Stone-Wales type defects, and
edge defects. Stone-Wales defects were shown to have lower formation energy than a
mono-vacancy [32], and since C atoms at these defects do not possess dangling bonds, the
binding of OH- or H- groups to the C atoms would be less likely. The reactivity of defective
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graphene with H, F and phenyl groups was reported to decrease in the following order;
mono-vacancy > hydrogenated zigzag edge > double vacancy > Stone-Wales >
hydrogenated armchair edge > defect-free graphene [33]. Mono-vacancy graphene (MG)
was frequently used to simulate the dissociation mechanisms of molecules like H2O and
O2 [24, 30, 31, 34-36], and different Eb values were reported depending on the simulation
methods (potentials, cell sizes) used. An Eb of 0.04 eV for H2O dissociation was found by
means of DFT calculations without non-local dispersion terms using a cell size of 3×3 [24],
but a higher value was calculated using a larger cell size of 4×4 [30].
The manuscript elucidates for the first time the friction reduction mechanisms in
graphene by considering the roles of dissociated water molecules on the sliding induced
defect sites in graphene. We unraveled the significant roles of sliding-induced graphene
defects and transfer layers generated on the counterface and water dissociation in reducing
the friction. Using atomistic calculations, and sliding friction experiments it was shown
that dissociated water molecules can reduce the graphene interlayer biding energy and may
increase the interlayer distance between the adjacent layers as observed by analytical high
resolution microscopy techniques. First-principles calculations with vdW functional [37]
were used to model the interfacial tribo-chemical mechanisms. The effects of dissociatively
adsorbed water molecules between the graphene layers proved to be an important factor in
rationalizing the friction reduction mechanisms of graphene.

2.2 Methods

2.2.1 Description of samples and tribological experiments
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Sliding friction tests of graphene were performed against both Ti-6Al-4V and HDLC coated tool steel. Graphene samples were deposited on Ni foils using a chemical
vapour deposition (CVD) process. Methane gas was utilized as the source of carbon.
Micro-Raman spectra obtained using a Horiba Raman micro-spectrometer with 50mW
Nd–YAG laser (532 nm excitation line) indicated a single sharp 2D peak at ∼2700 cm−1.
The ratio of G peak at 1580 cm−1 to 2D peak was equal or greater than one in many locations
indicating a multi layered structure [25, 38]. There was no evidence for the formation of a
D peak at 1330 cm−1 suggesting that the defect density of the pristine multilayer graphene
plates was low. Sliding friction tests were also conducted on polycrystalline (35° rhombic)
diamond, PCD and DLC coatings. The DLC coatings were deposited using an unbalanced
magnetron sputtering system that used had one chromium (to deposit an interlayer) and
two graphite targets. Butane precursor gas was used to produce H-DLC type coating with
40 at.% hydrogen measured by elastic recoil detector (ERD). The hydrogen content of the
NH-DLC type coating was < 2.00 at.%.
A pin-on-disk tribometer was used to measure the COF of multilayered graphene
samples and other carbon surfaces against Ti-6Al-4V alloy pins with hemispherical tips of
4.05 mm in diameter. A constant speed of 0.05 m/s and a normal load of 1.00 N were
maintained for 500 revolutions. Sliding tests were conducted under the ambient conditions
with 22% RH. A particular focus of the work was to understand of the formation of sliding
induced structural defects as well as to determine the origin of the tribolayers generated on
the contact surfaces. For this purpose, special emphasis was placed for studying the µ R
behaviour of graphene at the initial stage of friction when the tribolayers were first
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generated. The highest value of COF reached during the running-in stage and the duration
of running-in stage were noted. The µS values were calculated from the arithmetic mean of
the COF signals of each curve following the running in stage. Each set of tests on a given
type of sample was repeated three times. The average values of µR and µS were calculated.
Additional tests conducted using H-DLC counterfaces in a dry N2 atmosphere are described
in Results and Discussion section.
A FEI Quanta 200 FEG scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray EDAX SiLi Detector spectrometer were used to study contact
surfaces. Cross-sectional transmission electron microscopy (TEM) samples taken from
wear tracks and transfer layers were excised using a focused ion beam (FIB) lift out
technique in a Carl Zeiss NVision 40 dual beam work station. The samples were ion-milled
from both sides to a thickness of about 100 nm. The final milling of the samples was
conducted at a low beam current of 40 pA. TEM observations were performed using FEI
Titan 80–300 HRTEM, with a lateral resolution <1Å, operated at 300 kV.

2.2.2. First principles calculations

These calculations were performed using the projector-augmented wave (PAW)
method with the exchange correlations that incorporated van der Waals interactions in the
framework of vdW-DF2 functional [37, 39] as implemented in the Vienna Ab Initio
Simulation Package (VASP) [40, 41]. The generalized gradient approximation (GGA)
[42]of the exchange correlation described by Perdew, Burke, and Ernzerhof (PBE) [43]
was used with a plane-wave cut off energy of 500 eV to reach the energy convergence of
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1-2 meV/atom. The exchange-correlation energy E XC in the non-local van der Waals
density functional is described as: E XC = E X

GGA

LDA

exchange energy, EC

+ ECLDA + ECnl [44], where E XGGA is the GGA

is the local correlation energy obtained within the local density
nl

approximation (LDA), and EC is the non-local correlation energy approximated on
GGA

electron density. To calculate E X

, rPW86 [37] exchange functional was used. The

electronic degrees of freedom were converged to 10-5 eV/cell, and the Hellman-Feynman
forces were relaxed to less than 0.05 eV/Å via the conjugate gradient method. A 24×24×10
Monkhorst-Pack grid of k-points was used for unit cell of graphite, whereas a grid of 4×4×1
k-points was used for all water/(6×6)graphene slabs in this study. For diamond, 20×20×20
kpoints mesh was used while that of 8×8×1 was sufficient to converge the energies of
water/(3×3)diamond(111) slabs. Spin polarized calculations were performed to account the
magnetism incurred by vacancy in graphene [45, 46], and were employed for all other
simulation systems.
In order to check the accuracy of vdW-DF2 for calculating the thermodynamic and
structural properties of multilayered graphene, lattice constants and binding energy
between graphite layers were calculated. We obtained the lattice constants of bulk (1×1)
graphite a = 2.48 Å, and interlayer separation is c = 3.518 Å. The obtained interlayer
binding energy on each carbon atom of 52.6 meV/atom is consistent with 52.0 meV/atom
calculated with the vdW-DF2 method [47], and agrees well with the experimental value of
52 meV/atom [48], although the vdW-DF2 slightly overestimated the interlayer separation
by about 6% compared with the experimental value of 3.34 Å [49]. The obtained lattice
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constant for diamond of a = 3.61 Å is the same as in the literature calculated by vdw-DF2,
which is 2% higher than the experiment value of 3.54 Å [50].
The computed O-H bond length 0.971 Å of the H2O molecule and the bond angle
of 104.8° (by relaxing the water molecule in a cubic box with 10 Å cell edge) agreed with
experimental bond length value of 0.958 Å and bond angle value of 104.8° [51], and were
used in the simulation of the reaction mechanisms between water and graphene. The
reaction of water with graphene with monovacancy was simulated by gradually bringing a
water molecule from a far separated distance (7 Å) towards the vacancy site on (6×6)
graphene plane. A vacancy was created by removing one C atom at the center of (6×6)
graphene cell (with 71 C atoms) as shown in Figure 2.1(a). The initial water orientation
was selected in order to achieve a low water dissociation energy barrier configuration;
Accordingly H1 and O atoms in the initial water molecule were placed at the closest
locations to each of the three dangling carbon atoms surrounding a mono-vacancy site.
Therefore, as shown in Figure 2.1(a), the water molecule on graphene was located such
that O-H1 was parallel to the graphene surface with its centre positioned at the centre of
vacancy site and O-H2 formed an angle of 14.77° from the centre of the vacancy and Z
axis. The center of O-H1 bond was considered to be at the hollow site of the hexagon ring
as this configuration would minimize energy expenditure due to water molecule
reorientation before dissociation. This concept is in agreement with previous water
dissociation calculations on graphene with mono-vacancy [30]. The same water orientation
with O and H1 close carbon atoms at the center of a carbon hexagonal ring of the (6×6)
pristine graphene with O-H2 making the same angle in the Z direction as in a vacancy site
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was maintained. Therefore, the initial configurations of water molecule in the pristine
graphene and graphene with mono-vacancy were the same. Consequently, the energy
barrier calculations for physisorption and water dissociative adsorption of water molecule
on pristine and mono-vacancy graphene are comparable.

Figure 2.1. (a) Plane view of graphene (6×6 cell) with monovacancy and an approaching
H2O molecule. The O atom of O-H bond was located where the C atom was removed to
create the monovacancy; (b) Side view of an approaching H2O molecule to a graphene with
monovacancy; (c) Plane view of diamond (6×6 cell) and a H2O molecule approaching
diamond (111) surface. The O atom and H atom of O-H bond was located at the bridge site
of two elevated carbon atoms (black); (d) Side view of approaching H2O molecules to the
bridge sites on diamond (111) surface.

A (6×6) graphene cell (with 72 C atoms) was selected to accommodate possible
deformation of graphene in the normal direction (Z direction) in Figure 2.1(b). The
graphene cell size was large enough to minimize the interactions between the periodic
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images of vacancies. A 15 Å vacuum layer was added between the graphene layers and the
resulting cell was large enough to prevent the interactions between the molecules in the
image cells. One water molecule on (6×6) graphene occupied a surface area corresponding
to 1/36th of the monolayer. The distance between an approaching water molecule and the
graphene plane was defined from the locations of the O atom and the corner C atom of
graphene in the Z-direction. To simulate the change in energy at a given separation distance
for a water molecule approaching from an initial distance of 7 Å until dissociation, the Zcoordinates of O and C atoms were fixed in the Z-direction, while all the other atomic
coordinates were fully relaxed.
For studying water reaction with diamond, a cell of four double-layers of diamond
(111) surface with (3×3) cell size and dimension of 7.65 Å × 7.65 Å × 21.78 Å was used
to simulate bulk diamond by fixing the bottom two double-layers of carbon atoms in all
directions. Here, the reconstructed diamond (111)-2×1 surface (Pandey structure) was not
used because this structure has a high Eb for water dissociation. A 15 Å vacuum layer was
added between the carbon layers. The plane view of O-H1 of a H2O molecule at bridge site
of diamond (111) surface and side view of an approaching water molecule to diamond
surface are shown in Figure 2.1(c) and (d), respectively. O-H1 was initially at the bridge
site of the two nearest carbon atoms from top carbon layer and 7 Å above the diamond
(111) plane as shown in Figure 2.1(c, d), and was made to approach towards diamond (111)
plane until the O-H1 bond broken. O and H1 were also fixed in Z direction while all the
other atomic coordinates were fully relaxed. The distance between an approaching water
molecule and the diamond surface was defined from the locations of the O atom and the C
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atom of diamond in the Z-direction.

2.3. Results and Discussions

2.3.1. Frictional behaviour and observations of worn surfaces

The variation of the COF of graphene with the number of revolutions for sliding
contact tests conducted under an atmosphere with 22% RH is shown in Figure 2.2(a) along
with the variation of COF values of PCD and two types of DLCs. The friction curves
consisted of an initial running in period where the COF values reached a peak followed by
a steady state period. The graphene provided a low running in COF, µR and the transition
to the steady state regime was immediate. The average steady state COF was low at µ s =
0.10 for this sample. The curves shown in Figure 2.2(a) represent the typical friction trends
for each type of materials tested, and the results of averaged µR and µs of all friction tests
are presented in Figure 2.2(b). The average µR for graphene was 0.20, with a tR of 1-2
revolutions, and the average µs was 0.15. DLC coatings exhibited high µR values, i.e. 0.55
for hydrogenated diamond-like carbon (H-DLC) and 0.57 for NH-DLC, and tR for the
DLCs were short, tR < 10 revolutions. The µs recorded for the both DLC coatings were
0.10. The PCD showed the longest tR of 40 revolutions (see Figure 2.2a) and a µR of 0.32.
The µs recorded for PCD was the lowest at 0.05 compared to other samples. Thus, the
results suggested that all materials exhibited similar µs, however, graphene showed the
lowest µR and the shortest tR. An observation common to all the materials was the formation
of transfer layers on the counterfaces during the running-in period.
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Figure 2.2. (a) The variation of COF of graphene as a function of number of sliding
revolutions (22% RH). The COF values of PCD, H-DLC and NH-DLC against the same
Ti-6Al-4V counterface are also shown (22% RH). The inset shows the enlarged view of
the COF curves of graphene and PCD for the first 60 cycles where µR , tR and initial stages
of µs are marked. (b) Average running-in (µR) and steady state coefficient of friction (µS)
of graphene, H-DLC, NH-DLC and PCD coatings against Ti-6Al-4V. The COF values
were taken as the average of three typical tests.
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Figure 2.3. Raman spectra of transfer layers (TL) formed on the counterfaces after sliding
tests conducted against graphene and PCD. Raman spectra of as received graphene and
PCD prior to the sliding tests were also plotted for comparison. Raman spectra of graphene
and PCD are described in the text.
The Raman spectra of the graphene transfer layer (Figure 2.3) revealed formation
of a prominent D peak at 1343 cm−1 along with a small intensity (D + G) peak at 2923 cm−1
that were absent in spectra of pristine graphene. A reduction in the intensity of the 2D peak
(2700 cm−1) and formation of a split of G peak (1580-1600 cm−1) were also observed [12,
52]. Therefore, it appeared that sliding contact altered the structure of pristine graphene by
increasing the degree of disorder in the graphene network. A G peak appeared at 1563 cm-
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in the transfer layers of PCD (see Figure 2.3), revealing the possibility of surface

graphitization during sliding contact [12, 21, 53, 54]. The corresponding friction curves for
PCD had the longest tR and highest µR (Figure 2.2a).
In graphene, easy formation of transfer layers does not automatically lend itself to
a low COF, and the moisture in environment plays an important role in this process. As the
above experiments were conducted at a constant humidity of 22% RH, a new set of
experiments were conducted to elucidate the role of the transition between the inert-tohumid atmosphere on the frictional properties of graphene. The effect of humidity on
controlling the friction of the graphene can be readily understood by considering the two
experiments shown in Figure 2.4. Both sliding experiments were initiated in a dry N2
atmosphere (< 4% RH). In these experiments a H-DLC counterface was selected to prevent
metallic material transfer that would otherwise occur to the graphene surface under dry and
inert atmospheres [25]. At the beginning of both experiments, a µR peak was observed
during the running-in period where initial surface damage occurred and once the transfer
layers were formed the COF was reduced. For the sliding experiments that were continued
in a dry N2 the COF continuously increased and reached 0.14 after 1,000 revolutions, nosteady state behaviour could be observed. However, when the chamber was purged with
air with 52% RH at the end of the running-in period, a low and steady state COF ensued
with µs = 0.05.
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Figure 2.4. Variation of COF of graphene when sliding under a dry N2 atmosphere against
a H-DLC counterface, and when the test was initiated in dry a N2 atmosphere and continued
in air (52% RH) after 50 number of revolutions.
2.3.2. Dissociative adsorption of H2O on graphene

The thermodynamics and structural aspects of interactions between graphene
surfaces and H2O molecules were investigated using spin-polarized density functional
theory (DFT) calculations. The details are given in the ‘Methods’ section. Starting with
diamond structure as a reference, Figure 2.5(a) shows the energy changes and the variations
of bond lengths of O-H1 and O-H2 as a water molecule approaches to diamond surface.
When the water molecule approached the diamond surface, O-H1 bond length increased to
2.63 Å at the distance of 1.7 Å and the bond was broken while the bond length of O-H2
stayed unchanged, as indicated in Figure 2.5(a). Eb for water dissociation at the bridge site
of diamond (111) surface (see Figure 2.1c in Methods) was low at 0.41 eV. The total
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energies and changes in the O-H1 and O-H2 bond lengths of an H2O molecule as it
approaches the surfaces of pristine graphene (PG) and mono-vacancy graphene (MG) are
plotted in Figures. 2.5(b) and (c). When the H2O molecule approached the PG surface, the
energy of the system progressively decreased and dropped to a minimum of -0.13 eV at
H2O -PG distance of 3.1 Å with no change in the O-H bond length as shown in Figure
2.5(b). This state corresponds to the physisorption of the water molecule on PG as a result
of the van der Waals interactions. The adsorption energy of water molecule on PG is
therefore -0.13 eV, which is in agreement with the energy values of -0.102 ~ -0.135 eV
calculated by coupled cluster singles and doubles (CCSD) correlation method [55]. The
energy then increased to 1.08 eV due to repulsion between H2O and graphene when the
water molecule brought to 1.1 Å away from PG surface with no change to the O-H bond
length, but during this process graphene became subjected to out-of-plane deformation. At
a distance of 1.0 Å, the O-H1 bond length increased abruptly to 2.77 Å while almost no
change in the O-H2 bond length occurred, indicating that the H2O molecule was dissociated
into -OH and -H and chemisorbed on the PG surface. The energy of the system increased
to 3.53 eV once the water was dissociated. Thus, this process is endothermic and due to
the inert nature of PG the energy barrier Eb for dissociative adsorption of water molecule
is high. Here, Eb = 3.53 eV is defined as the energy difference between the maximum
energy before water dissociation and the energy of the reference state. Using DFT
calculations that employed B3LYP:DFTB-D [56] an Eb of 4.4 eV was previously reported
for water dissociating on graphite (per molecule) and the use of GGA/ Perdew-Wang 91
provided an Eb of 3.64 eV [24].
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Figure 2.5. The change of energy and the O-H bond length when a H2O molecule
approached (a) the diamond (111) surface; (b) the pristine graphene surface; (c) the monovacancy graphene surface; (d) the change of energy of OH molecule approaching mono73

vacancy graphene surface and O-H bond length as a function of the distance.
For a water molecule approaching the MG surface (Figure 2.5c), the energy
decreased to 0.23 eV at the separation distance of 2.7 Å and no change in either of the OH bond lengths was observed when the water molecule was physisorbed at the vacancy site
of graphene. Figure 2.5(c) also shows that when the water molecule was brought to a
distance of 0.7 Å from the MG surface, Eb for water dissociation was 1.27 eV. At this
distance range, the water molecule reoriented itself above the vacancy site, but the O-H
bond length did not change. However, at the separation distance of 0.6 Å, the bond length
of O-H1 increased to 2.20 Å, indicating again that water molecule was dissociatively
adsorbed at the vacancy site of graphene with formation of C-OH and C-H. Meanwhile the
bond length of O-H2 remained unchanged. The Eb for water dissociation on MG was lower
compared with Eb for water dissociation on PG Figure 2.5(b), for which additional energy
was required for sp2 to sp3 transformation. It is also observed in Figure 2.5(c) that due to
the dissociative adsorption of water molecule the energy dropped by 2.45 eV to -1.18 eV,
indicating that this process was spontaneous.
The structure of MG with O-H2 and H1 chemisorbed on its surface was in a
metastable state relative to the structure of completely dissociated water. The changes in
the energy and the O-H2 bond length with the distance between O-H2 and graphene are
plotted in Figure 2.5(d). The energy increased to 0.43 eV at 0.5 Å followed by a reduction
to -1.26 eV corresponding to an increase in O-H2 bond length to 2.0 Å, indicating breaking
of the O-H2 bond. As a result of this process all the three dangling bonds at the vacancy
site became saturated by two H atoms and the O atom by overcoming an Eb of 0.43 eV.
Since the water dissociated structure in Figure 2.5(c) shows one H atom attached to two
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dangling C atoms, and OH attached to the other dangling bonds at the mono-vacancy site,
there is no available dangling bonds left to further dissociate OH. However, the structure
in Figure 2.5(c) represents a metastable state; Water should be completely dissociated at
the mono-vacancy site to reach the lowest energy state as reported in the literature [24, 30].
Therefore, the structure needs to be relaxed for studying dissociation of OH molecule to O
and H. This structure relaxation at the start of Figure 2.5(d) caused a further reduction in
the energy compared to the structure shown in Figure 2.5(c). The structural relaxation
reduced the magnitude of the out-of-plane deformation of graphene plane and led to an
increase of OH distance to the graphene plane at the onset of OH dissociation. As shown
in Figure 2.5(d), the H dissociated from water in Figure 2.5(c) becomes attached to only
one dangling carbon atom at mono-vacancy site. Due to the relaxation process, a
discontinuity in the energy (and the distance between O and graphene plane) values
between these two figures is expected.
So far, DFT calculations investigated the dissociation of water molecule on PG and
MG surfaces and showed that presence of monovacancy would reduce the dissociation
energy resulting in the saturation of the bonds. In multilayer graphene, dissociated OH, H,
and O functional groups on each layer interact with the functional groups at the adjacent
layer. To analyze the role of dissociated water molecules in modifying interlayer binding
energy between graphene layers, 6 different types of AB graphene configurations
incorporating functional groups with different orientations were considered in following
section. It will be shown that the spacing between graphene layers increased and layers that
were stuck together separated due to the reduction of interlayer adhesion forces.
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2.3.3. Adhesion and separation of bilayer graphene in presence of dissociated water

Table 2.１. Increase in equilibrium layer spacing ∆d, interlayer binding energy (EB) and
interface energy (Ei) of AB bilayer graphene with and without dissociated water molecules.
The number of graphene unit cells initially covered by water molecules is designated as
surface coverage.
Structures

Surface coverage

∆d (Å)

EB (J/m2)

Ei (J/m2)

Pristine graphene

0

0

0.30

0.34

OH-MG-H/H-MG-OH

1/36

0.06

0.28

1.19

O-MG-H/H-MG-O

1/36

0.07

0.27

0.88

H-MG-O/O-MG-H

1/36

0.15

0.21

0.94

H-MG-O/H-MG-O

1/36

0.07

0.27

0.89

H-MG-OH/OH-MG-H

1/36

0.26

0.24

1.09

OH-MG-H/OH-MG-H

1/36

0.10

0.28

1.18

OH-MG-H/OH-MG-H

1/16

0.25

0.26

1.0

In order to rationalize the effect of dissociated water molecules on reducing the
friction of graphene, the interlayer binding energy of bilayer graphene systems was
computed. The AB type of stacking shown in Figure 2.6 is preferable to AA type stacking
due to the generation of stronger van der Waals adhesion forces between the AB graphene
layers [57]. As described in the previous section, adsorption of the dissociated water
molecule occurred at the vacancy site of MG, hence all AB-stacked bilayer graphene
configurations were constructed in such a way that each contained a mono-vacancy (e.g.
Figure 2.5a). Here, we considered both partial dissociation of H2O, namely H and OH
adsorption on MG, and full dissociation of H2O to 2H and O that were adsorbed on MG.
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The MG surface with adsorbed OH and H is demarcated as H-MG-OH (see Figure 2.6b
layer A), and its symmetrical configuration as OH-MG-H on layer B. MG with water fully
dissociative adsorbed 2H and O is defined as H-MG-O and its symmetrical configuration
as O-MG-H (see Figures. 2.6(c, d)). In addition to these configurations four others namely,
OH-MG-H/H-MG-OH, OH-MG-H/OH-MG-H, O-MG-H/H-MG-O, and O-MG-H/O-MGH were also considered. Then, all six structures were relaxed to their equilibrium states,
and the energy of each layer ElayerA and ElayerB was noted. The interlayer separation between
A and B graphene layers in the Z-direction is defined as the average distance between the
C atoms at these layers. To simulate the interlayer binding energy between sliding graphene
layers with dissociative adsorption of water molecule at defect sites, the functional groups
were matched to the nearest distance from the adjacent graphene layer by shifting the layer
A shown in Figures. 5(b) and (d) by one C-C bond length in (1, -1, 0) direction. Considering
the out-of-plane deformations induced by OH, H, O, the initial separation (di) between A
and B layers was set to 5.3 Å to allow functional groups at both graphene layers to interact
with each other. The interlayer binding energy (EB) between the graphene layers (bilayer
interfaces) was calculated as EB = ( Ebilayer − ElayerA − ElayerB ) / Ai , which is the energy
difference between the bilayer graphene ( Ebilayer ) and the total energy of the isolated layers
per unit interfacial area ( Ai ). The interface energy Ei was calculated as
Ei = Etotal − N C C − N H  H − N O O ,

where Etotal is the total energy of the system, N is the

number of C, H, O atoms, C is chemical potential of C atom estimated from the energy
of one C atom in bulk graphite, O is the chemical potential of O atom estimated as the
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energy of one O atom from oxygen molecule in gaseous state ( O = 1/ 2 Eoxygen ), and  H is
the chemical potential of an H atom estimated as  H = 1 / 2( Ewater − O ) . The results are
summarized in Table 2.1.
According to Table 2.1 the interlayer separation of the relaxed structures increased
when chemisorption of H, OH, and O occurred at the mono-vacancy site. All graphene
interfaces with chemisorbed molecules provided smaller EB compared to that of pristine
graphene (0.30 J/m2); H-MG-O/O-MG-H had the lowest EB of 0.21 J/m2. EB of the other
four graphene interfaces (with the same initial water coverage) were in the range of
0.27~0.28 J/m2. The interlayer spacing for H-MG-OH/OH-MG-H configuration with two
OH initially facing the interface increased by 0.26 Å (Figure 2.6b), resulting in an EB of
0.24 J/m2. The OH at the top graphene layer was further dissociated into O and H,
indicating that adjacent graphene layers assisted water molecules to overcome the energy
barrier for dissociation. In summary, H-MG-OH/OH-MG-H and H-MG-O/O-MG-H
configurations were the ones that had the most significant effect on increasing the interlayer
spacing and reducing the interlayer binding energy. The top and side view of H-MGOH/OH-MG-H structure are shown in Figures 2.6(e, f) and those of H-MG-O/O-MG-H in
Figures 2.6(g, h). It can be noted that the stacking sequence of the relaxed H-MG-OH/OHMG-H was displaced from the initial AB (see Figures 2.6a) towards an AA stacking as
shown in Figures. 2.6(e and f). While the relaxed H-MG-O/O-MG-H structure preserved
the initial AB stacking as shown in Figures. 2.6(g and h), the top layer (layer B) was shifted
by two C-C bond length in (1, -1, 0) direction with respect to the lower layer (layer A).
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Figure 2.6. AB type graphene interfaces with the dissociated H2O structures (the layers are
at a distance of 5.3 Å) showing (a) and (b) top and side views of H-MG-OH/OH-MG-H;
(c) and (d) top and side views of H-MG-O/O-MG-H. Relaxed structures of AB graphene
interfaces showing (e) and (f) top and side views of H-MG-OH/OH-MG-H; (g) and (h) top
and side views of H-MG-O/O-MG-H. The distortion caused by OH to the attached C atom
was 0.7 Å in the Z direction with respect to corner C atom at each layer. C-OH bond length
was 1.38 Å. The distortion caused by O atom to the attached C atom was 1.0 Å in the Z
direction with respect to corner C atom at each layer. C-O bond length was 1.24 Å.
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Another important piece of information that arises from the data shown in Table
2.1 is that increasing the initial water coverage on graphene surfaces (from 1/36 to 1/16 in
OH-MG-H/OH-MG-H) would result in an increase in the interlayer spacing and a
reduction in the interlayer binding energy. An examination of the interface energy values
of the bilayer graphene in Table 2.1 indicates that the graphene structures incorporating
fully dissociated water (H-MG-O) are more energetically favourable than the H-MG-OH.
This can be seen by comparing interface energies of O-MG-H/H-MG-O (0.88 J/m2), HMG-O/H-MG-O (0.89 J/m2) and H-MG-O/O-MG-H (0.94 J/m2). As the interface energies
for all configurations are essentially similar (0.9-1.2 J/m2), it is conceivable that all bilayer
graphene configurations considered may form concurrently and coexist.

2.3.4. Friction reduction mechanisms of graphene

One of the salient points arising from the results presented above was that graphene
showed the lowest running-in COF compared to the other carbon based materials namely,
DLC and PCD tested against the same metallic counterface. Formation of carbonaceous
transfer layers on the counterface was a common characteristic feature of all the materials
tested. The results also revealed that achievement of a low steady-state COF was possible
when the graphene was tested in humid atmospheres. Sliding contact under an inert
atmosphere would create defects with a high µR but would not lend itself to a steady state
friction regime. Raman spectra of the graphene wear track revealed the occurrence of a D
peak at 1330 cm-1, which infers that defects were generated during sliding. It could be
germane to comment here that graphene has a distinctly different Raman fingerprint that
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differentiates it from graphite as indicated in the introduction section. Pristine graphene is
hydrophobic but a diamond surface consists of dangling carbon atoms. Dangling carbon
atoms on the graphite surfaces have a tendency to promote dissociative adsorption of water
molecules [5, 6]. Creation of defects shown in the paper is an essential step for friction
reduction in graphene as demonstrated in this paper. First principles calculations suggested
that adsorption of H, O, and OH groups that were dissociated from water in the
environment during sliding would reduce the interlayer binding energy between the
adjacent graphene layers. The formation of C-O, C-H, and C-OH bonds could lead to
distortion of the graphene planes, which may further facilitate dissociative adsorption of
water molecules on the graphene surfaces. The sliding induced defects were important for
the dissociation process that reduced the energy required for this process compared to
pristine graphene prior to the sliding. If the defect sites were not passivated the COF would
increase as illustrated by the case of graphene sliding under a nitrogen atmosphere (Figure
2.4). According to the results of first principles studies the interplanar spacing of graphene
layers increased as a result of adsorption of dissociated water molecules (see Figures 2.6(f,
h) and Table 2.1). An increase in the spacing of the graphene layers subjected to sliding
contact damage was observed experimentally as discussed below.
Cross-sectional TEM investigations conducted on the transfer layers formed on the
counterface indicated that the layers incorporated of graphene ‘folds’ with an average
length of 133±49 nm, and a width of 12±6 nm (Figure 2.7a). High resolution TEM
(HRTEM) images shown in Figure 2.7(b) identified these folds to consist of a few layers
of graphene stacked adjacent to each other and embedded in an amorphous carbon matrix
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(Figure 2.7c). The d-spacing between of the graphene layers in these stacks were > 0.34
nm as determined by analysing Fast Fourier Transform (FFT) derived diffraction patterns
taken from Figures 2.7 (b, c). The most significant feature of the HRTEM observations was
therefore that the d-spacing values of the graphene stringers in the transfer layers were
larger than that of pristine graphite with d(002) = 0.334 nm [58]. In contrast, the transfer
layer that was generated under a N2 atmosphere was amorphized during contact stress
induced during dry sliding. No remnants of graphene stacks layers could be detected (see
Supplementary Figure S2-1). Thus, the damage was more severe and a complete
amorphization appeared to have been occurred when the graphene was tested in a nitrogen
atmosphere. The COF was high as shown in Figure 2.4. A cross-sectional view of transfer
layers generated during sliding of PCD is shown in Figure 2.8(a). The transfer layer had an
amorphous structure with occasional fragments of titanium debris (with an average length
of 820±10 nm and width of 15±7 nm) embedded in the amorphous matrix as shown in
Figures 2.8(b, c), indicating that the transfer of metallic debris particles would occur during
the running-in period of sliding of PCD. This was accompanied with high friction during
the running-in period which was also longer in duration compared to graphene. Similarly,
the DLC coatings tested had metallic fragments in the transfer layers formed on the
counterfaces run against them. The transfer layers generated during sliding of graphene did
not indicate formation of metallic debris.
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Figure 2.7. (a) Cross-sectional TEM image of the transfer layer formed on the counterface
sliding against graphene; (b) high resolution TEM (HRTEM) image acquired from the
region indicated as (A) in (a) showing graphene stacks with an average d-spacing of 0.35
nm; (c) HRTEM image acquired from the region indicated as (B) in (a) showing graphene
stacks with d-spacing between 0.34-0.36 nm embedded in an amorphous matrix.
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Figure 2.8. (a) Cross-sectional TEM image of the transfer layer formed on the counterface
sliding against PCD; (b) high resolution TEM (HRTEM) image acquired from the region
indicated as (A) in (a) showing an amorphous C matrix. The inset of (b) shows the Fast
Fourier Transform (FFT) derived diffraction patterns of transfer layer; (c) HRTEM image
acquired from the region indicated as (B) in (a) showing an amorphous C matrix with αTi. FFT derived diffraction patterns of α-Ti are shown in inset.
As stated earlier, dissociation of water at a mono-vacancy site of graphene showed
a lower Eb of 1.27 eV than that of PG (3.53 eV), and the Eb could be overcome due to the
generation of defects during sliding. This could be attributed to the adsorption of H2O and
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OH at the vacancy sites of graphene planes. In contrast, water can be easily dissociated on
cleaved diamond (111) surface with a low Eb of 0.41 eV, indicating freshly cleaved
diamond surface is more reactive than a mono-vacancy graphene surface. However, as the
amorphous DLC and the PCD would need to be graphitized before being transferred to the
counterface and the magnitudes of µR of DLC and PCD were higher and the duration of
the running in-period were longer than that observed for graphene. Once the transfer layer
was formed and the graphene planes were passivated by the dissociated water molecules
at sliding induced defect sites on graphene surface, a steady state regime was established.
In summary, sliding induced defects generated on the contact surfaces of graphene
in ambient air act favourably and assist with the formation of transfer layers. As a result, a
steady state friction regime with a low µS would occur---a process that requires dissociative
adoption of water molecules. The interpretations of the proposed friction reduction
mechanisms are well supported by the experimental observations as well as by the results
of the first principles calculations. However, the details of sliding induced defects should
be further studied.

2.4. Conclusions

Sliding contact experiments and DFT calculations that used van der Waals
interactions elucidated the friction reduction mechanisms of graphene in H2O environment
by determining the roles of structural defects and water dissociative adsorption. The sliding
friction tests showed low steady state COF values in ambient and humid atmospheres but
not in an inert atmosphere. Cross-sectional TEM studies revealed that a tribolayer was
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formed on the counterface as a result of graphene transfer and consisted of an amorphous
carbon matrix with intermittent stringers of graphene stacks. The d-spacing between the
graphene layers was higher compared to that of the pristine graphene. On the other hand,
the transfer layer formed from PCD exhibited an amorphous carbon matrix with metallic
debris as inclusions.
DFT calculations showed that compared to pristine graphene, water is more likely
to be dissociatively adsorbed on a graphene incorporating a mono-vacancy due to a lower
energy barrier of water dissociation into OH, H and O, that will eventually serve to
terminate the dangling carbon bonds. Dissociated water intercalated between the graphene
layers increased the graphene layer spacing as also observed experimentally and reduced
the interlayer binding energy by ~30% compared to pristine graphene. In comparison,
dissociated water was adsorbed only at the surface C atoms PCD (and DLC). The H, O,
and OH intercalation between the graphene layers allowed the graphene layers to be
transferred readily to the counterface resulting in a lower COF running-in period with
shorter duration compared to those of other carbon based materials, namely DLC and PCD.
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CHAPTER 3
Effect of Graphene Nanoplates Dispersed in Ethanol
on Frictional Behaviour of Tool Steel Running against
Uncoated and DLC Coated Tool Steel

3.1. Introduction

Graphene is considered as an emerging solid lubricant for tribological applications.
It can potentially be used to reduce the friction and wear between engineering components,
and in a particular case relevant to automotive tribology it can serve to improve the power
efficiency of combustion engines [1-8]. During sliding contact, the graphene layers are
known to undergo different types of damage processes and produce defects including
bending [9-11], edge fracture [12, 13] as well as puckering [14-16]. The roles of dissociated
water molecules on reducing the coefficient of friction (COF) of multilayered graphene
have been studied using sliding contact experiments in different environments [17, 18].
Experimental results analyzed in conjunction with first principles calculations showed that
the absorption of -H and -OH functional groups dissociated from water molecules at the
sliding-induced defect sites was responsible for low adhesion between the graphene layers
and consequently a low COF of 0.05 under 52% RH was observed in multilayered graphene
[17, 19]. It was shown that a high activation energy barrier for H2O dissociative absorption
on defect free graphene plane existed, whereas a mono-vacancy defected graphene showed
a low energy barrier for H and OH dissociation due to available sites for adsorption [2092

23].
An important application of multilayered graphene is in boundary lubricated
contact of steel surfaces operating under sliding friction conditions. Accordingly, the
friction reduction mechanisms of multilayered graphene (and its’ derivatives) added in oil
based lubricants were tested to reveal the friction and wear behaviour of the interacting
steel sliding surfaces [24-26]. Polyalphaolefin-9 oil (PAO9) used as lubricant with
graphene concentrations of 0.02–0.06 wt.% reduced COF by 17% and wear rate by 14%
during self-sliding of GCr15 grade tool steel balls [24]. Alkylated graphene nanoplates
(GNP) dispersed in 10W-40 lube oil reduced the COF of 100Cr6 steel sliding against
itself by ~25% due to the deposition of graphene on the contact surfaces [25]. Multilayer
graphene (0.1 wt.%) added in bentone grease reduced the COF of AISI 52100 steel running
against itself by 10% which was attributed to formation of graphene rich boundary
lubricating film [26].
Graphene particles added in water and ethanol would be expected to take advantage
of passivation of sliding induced defect sites as discussed earlier and thus help to reduce
the interfacial friction. It was shown that 1.3×10-4 wt.% GNP suspended in ethanol provide
a low COF of 0.15 for 440C grade steel sliding against itself due to the formation of
tribolayers consisting of graphene [27]. Some studies were conducted using graphene oxide
(GO); A single layer GO sheet (1.0 wt.%) added in water used as boundary lubricant for
tests on stainless steel sliding against a tetrahedral amorphous carbon (ta-C) counterface
provided a low COF 0.06 [28]. It was suggested that the low COF was due to the formation
of a GO tribolayers on the counterfaces. A GO tribolayers formed on the WC surfaces,
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leading to COF of 0.05 and low wear, was also observed during sliding against stainless
steel when GO sheets that were dispersed in water at a nominal concentration of 1.0 wt.%
were used [29]. In summary, graphene and GO added in water and ethanol may reduce
COF and wear by forming tribolayers on the counterfaces. Therefore, the formation of the
graphene tribolayers and passivation of the sliding-induced defects of graphene are the
necessary components for achieving a low COF in boundary lubricated sliding contacts.
However, one shortcoming of using water and ethanol as lubricants in steel components
operating under sliding contact is the increase of COF at high sliding cycles due to the
oxidation of the steel surfaces [30].
A recently developed surface engineering solution for reducing the COF of steel
surfaces is the use of tetrahedral amorphous or diamond-like carbon (DLC) coatings that
provide low and stable COF values as well as low wear rates compared to conventional
hard coatings such as TiN, TiAlN, and CrN [31]. It is commonly observed that during
sliding DLC would transfer to the counterfaces and form carbonaceous tribolayers [32-35].
The formation of tribolayers is however not a sufficient condition for reducing the COF as
the tribolayers should become passivated by H and OH dissociated from moisture existing
in the surrounding atmosphere [36-38]. It is important to note that non-hydrogenated DLC
(NH-DLC <2 at.% H) coatings showed low COF under high humidity conditions [17, 36,
37], or when they were immersed in ethanol or water solutions [30, 39]. This mechanism
is not as effective when hydrogenated-DLC (H-DLC, ~40 at.% H) coatings were used.
In this work, we demonstrated that a minimal quantity of GNP (5.0×10-4 wt.%)
dispersed in ethanol was effective in producing a low COF during sliding of a tool steel
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against another tool steel tested under boundary lubricated sliding condition, but surface
oxidation that occurred during sliding contact increased the COF of steel-steel tribosystem
at high sliding cycles. It was shown that the low COF became stable at high sliding cycles
when a NH-DLC coated counterface was used with the same amount of GNP added in
ethanol. DLC coated surfaces tested against steel in GNP mixed to ethanol were also useful
to delineate whether the observed friction reduction mechanisms were in fact due to the
formation of GNP tribolayers in addition to surface passivation of the carbon at DLC
surfaces. The microstructures and compositions of the GNP tribolayers formed during
sliding were characterized using FIB/TEM and Raman spectroscopy.

3.2. Experimental Procedure

3.2.1. Characterization of graphene nanoplates (GNP)

The GNP were produced by chemical exfoliation of highly oriented pyrolytic
graphite to a thickness of 3-8 nm. The Raman spectra of the as received GNP shown in
Figure 3.1 exhibited the characteristic G (1578 cm−1) and 2D (2705 cm−1) peaks of
graphene with 2D/G<1 indicating a multilayered structure [40]. The low intensity of Dband of the as-received GNP suggested a low defect density [17, 19]. GNP were mixed
with absolute ethanol in a glass beaker, which was placed in a sonicator that ran for 30
minutes. Raman spectra taken from the GNP dried after the sonication process is shown in
Figure 3.1. The D peak had a higher intensity compared to that of the as-received GNP,
hence indicated an increase in the defect density of GNP as a result of sonication.
According to Ciesielski et al.[41] and Lotya et al.[42], an increase in the 2D-to-G peak
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intensity ratio from 0.26 to 0.34 could be attributed to a reduction in the number of the
layers of the GNP flakes during the sonication process. A shifting G peak ~1580 cm-1 to
~1610 cm-1 was also observed after sonication [43]. The D and G peaks upshifting by ~10
cm-1 could be attributed to the adsorption of ethanol molecules by the graphene [44].
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Figure 3.1. Raman spectra of the graphene nanoplates (GNP) in the as-received condition
and after the ultra-sonication in ethanol for 30 minutes.
3.2.2. Tribological tests and analyses

Sliding contact tests were conducted using a unidirectional ball-on-disk tribometer
(CSM). Four GNP concentrations of 1.3×10-4 wt.%, 2.5×10-4 wt.%, 5×10-4 wt.%, 7.6×10-4
wt.% in absolute ethanol were initially considered in order to determine the GNP
concentration that maintained a homogeneous distribution in ethanol and produced the
lowest COF when ASTM grade 52100 steel balls were put in sliding contact with ASTM
type M2 steel disks (see Figure 3.2). 52100 steel balls with a diameter of 6.0 mm were
tested against M2 steel disks with 25.0 mm diameter by submerging both surfaces in
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ethanol with and without GNP mixtures. In another series of tests, 52100 balls with
surfaces coated by a hydrogenated (H-DLC) and non-hydrogenated diamond-like carbon
(NH-DLC) were put in sliding contact with M2 steel disks. In the third set of tests, the M2
steel disks were coated with NH-DLC, and put in sliding contact with NH-DLC coated
counterfaces. The DLC coatings were deposited using an unbalanced magnetron
sputtering system that used one chromium (to deposit an interlayer of 0.1 μm) and two
graphite targets. Butane precursor gas was used to produce H-DLC type coatings with
40 at.% hydrogen. The hydrogen content of the NH-DLC coatings was <2 at.%. The
thickness of both the H-DLC and NH-DLC were 1.5 µm. The hardness and the elastic
modulus of the coatings were calculated from the loading–unloading curves obtained
from nanoindentation tests made using a Berkovich type indenter that penetrated to a
maximum depth of 200 nm below the surface. Hardness values of H-DLC and NH-DLC
were 11.4 GPa and 13.0 GPa. The elastic modulus of H-DLC was 103 GPa and that of
NH-DLC was 159 GPa.
In summary, four types of ball and counterface combinations were used under the
boundary lubricated conditions in ethanol with or without GNP, consisting of the following
configurations i) tool steel (52100) vs. tool steel (M2); ii) tool steel (52100) vs. NH-DLC;
iii) tool steel (52100) vs. H-DLC; iv) NH-DLC vs. NH-DLC. DLC coated and uncoated
52100 steel balls were designated as counterfaces. The sliding tests were performed under
a normal load of 5.0 N and at a speed of 0.05 m/s. Three tests were performed under each
sliding conditions. An initial COF peak that was normally formed during the running-in
period was recorded as running-in COF (μR). The steady-state COF (μS) values were
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calculated from the arithmetic means of the linear portion of the friction curves, typically
after 1000 revolutions.

3.2.3. Surface analysis techniques

The wear losses of the M2 steel, NH-DLC, and H-DLC coated disk samples were
calculated from the volume of the material removed from the circular wear tracks. The
average volumetric wear loss of each individual sample was estimated from the area of the
wear track at eight different locations along a circular sliding track of radius 1.5 mm using
a white light interferometry technique (Wyko NT 1100) [45-47]. The morphological and
microstructural features of wear tracks formed on uncoated and DLC coated M2 steel
surfaces were examined using a FEI Quanta 200 FEG scanning electron microscope (SEM)
operated at 10 kV.
The cross-sectional samples for transmission electron microscopy (TEM)
investigations were prepared by a focused ion beam (FIB) lift out technique using a Ga+
ion source sputtered at 30 kV and a beam current of 80 pA using Carl Zeiss NVision 40
dual beam. The cross-sectional samples were ion-milled from both sides to a thickness of
about 100 nm. The final milling of the samples was conducted at a low beam current of 40
pA to minimize beam damage on the cross-sections. A FEI Titan 80–300 TEM equipped
with a hexapole-based aberration corrector for the image-forming lens, having a lateral
resolution < 1 Å and operated at 300 kV, was used for high-resolution imaging of graphene
layers.
Semi-quantitative chemical analyses of the worn surfaces were conducted by X-ray
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photoelectron spectroscopy (XPS) using a Kratos Axis Ultra X-ray photoelectron
spectrometer. The survey scans were carried out with a pass energy of 160 eV. The highresolution analyses were carried out with a pass energy of 40 eV. The XPS analyses were
carried out on the tribolayers formed on the 52100 steel ball surfaces. Raman spectra of the
GNP before and after the sliding tests (the GNP in the tribolayers) were obtained using a
Horiba Raman micro-spectrometer with 50 mW Nd-YAG laser (532 nm excitation line)
through the 50× objective lens. The laser spot on the specimen surface was 1 μm in
diameter.

3.3. Results and Discussions

3.3.1. Friction behaviour of steel vs. steel and steel vs. NH-DLC

The effect of the concentration of GNP added to ethanol on the COF is shown in
Figure 3.2(a) for 52100 steel running against M2 steel and in Figure 3.2(b) for 52100 steel
running against NH-DLC, as a function of the number of sliding revolutions. According to
Figure 3.2(a), a high running-in COF value, μR of 0.46 was initially observed when two
steel surfaces were put in sliding contact against each other in ethanol without the GNP,
and at sliding distances >1100 revolutions a steady-state μS of 0.31 was recorded. When
the same tests were conducted using a concentration of 1.3×10-4 wt.% GNP in ethanol, the
μR reduced to 0.33 and remained low for the first 1000 revolutions but then increased again
almost to the same level as the test conducted in ethanol without the GNP. The μR continued
to decrease when the sliding tests were conducted in ethanol incorporating higher
concentrations of GNP. Namely, a μR of 0.17 was observed for the tests conducted with
99

2.5×10-4 wt.% in ethanol. For the tests performed at this GNP concentration in ethanol, the
COF of two steel surfaces remained stable for the next 700 revolutions before gradually
increasing to 0.27 again to a level similar to the COF observed in ethanol without the GNP.
The lowest values of COF for both running-in and steady-state periods were obtained when
the tests were conducted in an ethanol solution containing 5×10-4 wt.% GNP, where a low
μR of 0.16 was observed followed by a decrease in the COF to 0.10 at 500 revolutions, and
a low μR of 0.18 resulted after 1000 revolutions. When the tests were conducted in 7.6×104

wt.% GNP containing ethanol solution, a similarly low COF of 0.14 was observed

between 500 and 1000 revolution but this was followed by a continuous increase to a COF
value eventually exceeding the COF observed when no GNP was added. Thus, the lowest
COF values were observed during steel vs steel contacts when the boundary lubricated tests
were run in ethanol containing 5×10-4 wt.% GNP.
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Figure 3.2 . Variation of the coefficient of friction (COF) with the number of revolutions
obtained from tests conducted in ethanol without GNP addition and ethanol with 1.3×10-4
wt.%, 2.5×10-4 wt.%, 5.0×10-4 wt.% and 7.6×10-4 wt.% GNP for (a) steel (52100) vs. steel
(M2); (b) steel (52100) vs. NH-DLC. Note in Figure 3.2 (b) unlubricated sliding (34% RH)
test results are also reported.
Typical variations of COF for steel balls sliding against a NH-DLC coated surface
in ethanol with and without GNP are shown in Figure 3.2(b). As the NH-DLC coatings are
known for producing low COF (and low wear rates) against steel surfaces when run under
unlubricated sliding condition, a typical COF curve obtained when dry sliding (34% RH)
tests were performed is shown in Figure 3.2(b) for comparison, for which the μR and μS
values obtained in the current tests were 0.36 and 0.10. As shown in Figure 3.2(b), the μR
generated during steel vs. NH-DLC contact in ethanol without the GNP was 0.26, which
was followed by a μS of 0.22. The μR slightly decreased to 0.24 for sliding tests with 1.3×104

wt.% GNP in ethanol, and further decreased to 0.18 when the tests were conducted with

2.5×10-4 wt.% GNP in ethanol. The COF stabilised immediately after the running-in period
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for all tests conducted with GNP added in ethanol. The general shapes of the COF curves
were similar regardless of GNP concentrations, and were all characterized with low μS
values of 0.06-0.09 (for GNP concentrations of 1.3×10-4 wt.% - 7.6×10-4 wt.% in ethanol).
Therefore, the COF values were lower when NH-DLC coated steel was tested against an
uncoated tool steel compared to two uncoated steel surfaces. However, similar to steel vs
steel contact, when the tool steel was placed in sliding contact against NH-DLC a GNP
concentration of 5×10-4 wt.% in ethanol provided the most effective way of reducing both
μR and μS. The rest of sliding tests were carried out in ethanol with 5×10-4 wt.% GNP. The
trends shown in this figure are typical; each test was conducted three times with a given
GNP concentration in ethanol resulting reproducible results.
The COF curves for steel vs NH-DLC, and steel vs steel sliding tests conducted
using a GNP concentration of 5×10-4 wt.% in ethanol and in ethanol without GNP are
shown in Figures. 3(a, b), and indicate the extent of COF reduction achieved by the addition
of GNP on μR and μS. Figure 3.3 includes two additional friction test results namely those
for NH-DLC vs. NH-DLC and steel vs. H-DLC using the same GNP concentration of 5×104

wt.% in ethanol. When sliding of two NH-DLC coated surfaces running against each

other was studied, the typical COF curves obtained are like the ones in Figure 3.3(c). This
figure indicates that a low μR of 0.10 was recorded when the tests were performed in an
ethanol solution without the GNP, and a low μS of 0.09 was also noted. This result is in
agreement with the past observations that NH- DLC surfaces are effective in reducing the
friction of ferrous and non-ferrous alloys when tested in environments where OH and H
dissociation and surface passivation would occur [17, 36]. It is interesting to note that the
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addition of 5×10-4 wt.% GNP in ethanol solution still caused a reduction in COF, albeit the
magnitude of this reduction was small and a low μS of 0.06 was produced.
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Figure 3.3. Variations of the coefficient of friction (COF) with the number of revolutions
obtained in tests conducted in ethanol without the GNP and ethanol containing 5.0×10-4
wt.% GNP for the following surfaces: (a) NH-DLC vs. NH-DLC; (b) steel (52100) vs. HDLC; (c) steel (52100) vs. NH-DLC; (d) steel vs. steel.
Another set of tests conducted using a steel surface running against a HDLC offered an opportunity to compare the friction responses of different DLC coated
sliding surfaces during boundary lubricated sliding tests conducted in GNP containing
ethanol and ethanol without the GNP. As shown in Figure 3.3(d), sliding a steel ball against
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a H-DLC coated surface in ethanol resulted higher COF values (μR of 0.41 and μS of 0.26)
compared to the values observed during sliding of a steel ball against the NH-DLC coated
surface in ethanol. This result was anticipated since H-DLC surfaces provide excellent
friction reduction in inert atmospheres and in an air atmosphere with low humidity due to
inherent H- passivation of dangling C bonds [48], but they are less sensitive to dissociative
passivation in high humidity and ethanol environments [49].
When the plots presented in Figures 3.3(a-d) were examined together a common
observation was made for all the tests run in ethanol with 5×10-4 wt.% GNP. Namely, the
COF of steel running against H-DLC (Figure 3.3d) was similar to that of steel vs. NH-DLC
(Figure 3.3a) and NH-DLC vs. NH-DLC (Figure 3.3c) with all COF curves attaining a low
μS. The COF steel running against uncoated steel was also reduced, but not to the same
level as the DLC coated samples. The COF values obtained from all the sliding couples
tested are summarized in Figure 3.4 in the form of a bar chart, which reveals that the use
of 5×10-4 wt.% GNP containing ethanol in the sliding system reduced both μR and μS of all
the systems tested. It is noted that the same low μS value of ~0.06 was observed during
sliding tests in ethanol containing 5×10-4 wt.% GNP using steel vs. NH-DLC, steel vs. HDLC, and NH-DLC vs. NH-DLC contacts. The COF of steel tested against uncoated steel
was not stable due to surface oxidation, as will be discussed later. In order to unveil the
role of GNP on friction reduction mechanisms, the sliding contact surfaces were
characterized, and the results are presented in the following sections.
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Figure 3.4. The steady state COF (μS) of steel vs. steel, steel vs. H-DLC, steel vs. NHDLC, and NH-DLC vs. NH-DLC tested in ethanol without the GNP and ethanol with
5.0×10-4 wt.% GNP. The μS was calculated from the steady-state portion of the friction
curve between 1000 to 2000 revolutions. Note that the COF of steel vs. steel tribosystem
increased at high number of revolutions but others remained constant.
3.3.2. SEM and Raman spectroscopy characterization of sliding surfaces: Formation of
tribolayers

A tribolayer was formed on the wear track of M2 steel coupon surface running
against the 52100 steel ball during sliding tests conducted in ethanol with 5×10-4 wt.%
GNP as shown in the back scattered electron (BSE) image in Figure 3.5(a). The Raman
spectra obtained from the regions of wear track marked as “A” corresponding to a portion
of tribolayer and “B” which is a section of the wear surface not covered by the tribolayer
are shown in Figure 3.5(b). The Raman spectra taken from area “A” in Figure 3.5(a)
exhibited a G band at 1583 cm−1, and a weak 2D band at 2705 cm−1 similar to that observed
from GNP after sonication but before the wear tests (Figure 3.1). However, a distinct D
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peak appeared at 1342 cm−1 in area “A”, along with a small intensity peak at 2920 cm−1
labelled as D+G. The appearance of these new peaks can be attributed to an increase in the
defect density of the graphene in the tribolayers [13, 17, 23]. The notable Raman peaks at
225, 300, 412 and 650 cm−1 observed in the Raman spectra of the area “B” indicate
oxidation of the steel surface during sliding and formation of Fe2O3 [50]. The same set of
peaks but with lower intensities can also be observed in the Raman spectra of the area
covered by a tribolayer in area “A”. Consequently, the tribolayer consisted of Fe2O3 and
graphene (subjected to sliding induced damage) and it is likely that the top layer was
covered by GNP. The BSE image of the 52100 steel ball counterface shown in Figure 3.5(c)
did not exhibit a well formed tribolayer. However, as shown in Figure 3.5(d), the Raman
spectra obtained from the periphery of the contact area labeled as “A” in Figure 3.5(c)
revealed accumulation of graphene with district D, G, 2D, and D+G bands. The Raman
spectra taken from area “B” of the ball surface (see Figure 3.5d) indicated oxidation and
formation of Fe2O3. It is clear from this analysis that a GNP containing oxidized tribolayer
was developed on the flat steel surface but at a lesser extent on the ball surface. Fe2O3 is
known to increase the friction [50] and hence the steel-steel system that initially showed a
low COF (Figure 3.3b) had difficulty in maintaining a stable COF at long sliding distances.
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Figure 3.5. (a) Back scattered electron (BSE) image of a typical section of M2 steel wear
track when tested against 52100 steel in ethanol added with 5.0×10-4 wt.% GNP. (b) Raman
spectra obtained from the region labeled as “A” and “B” in plate (a). (c) BSE image of
52100 steel counterface running against M2 steel in ethanol added with 5.0×10-4 wt.%
GNP. (d) Micro-Raman spectra obtained from the region labeled as “A” and “B” in plate
(c).
Unlike the uncoated M2 steel wear tracks, the wear tracks formed on NH-DLC
coated steel while sliding against the 52100 steel balls in 5×10-4 wt.% GNP solution did
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not exhibit distinct tribolayers as reveal by the typical BSE image of the wear track in
Figure 3.6 (a). Moreover, the wear track of NH-DLC was shallow and narrow with a width
of ~200 µm, which is consistent with low wear of the NH-DLC coating as discussed in the
following Section 3.3. The Raman spectra obtained from the NH-DLC’s wear track shown
in Figure 3.6 (b) indicated a broad peak between 1250 and 1650 cm−1; which is a common
feature of amorphous NH-DLC coatings. There were no changes in the intensities and
positions of D and G peaks compared to the unworn NH-DLC; The changes in D and G
bands are indicative of graphitization [39], which didn’t appear to occur in this case.
Deposition of GNP occurred on the uncoated 52100 steel counterface as shown in Figure
3.6 (c). The Raman spectra of GNP deposited on 52100 steel surface (Figure 3.6d) showed
a G band at 1580–1610 cm−1 and 2D band at 2705 cm−1. These features are similar to those
observed for graphene with high defect density [13]. Additionally, a distinct D-band
appearing at 1342 cm−1 (Figure 3.6d) along with small intensity peaks at 2920 cm−1 labelled
as D+G and at 3250 cm−1 labelled as 2D′ were also observed similar to the sliding-induced
defect containing graphene [13, 17, 23].
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Figure 3.6. (a) Back scattered electron (BSE) image of typical sections of NH-DLC wear
track when placed in sliding contact against 52100 steel ball in 5.0×10-4 wt.% GNP
containing ethanol. (b) Raman spectra obtained from the region shown by the rectangle in
plate (a). (c) BSE image of 52100 steel counterface sliding against NH-DLC coated steel
in 5.0×10-4 wt.% GNP containing ethanol. (d) Raman spectra obtained from the region
demarcated by a rectangle in plate (c).
The morphological features of the wear track formed on NH-DLC sliding against
NH-DLC coated counterfaces were also examined (Figure 3.7a). It became evident that the
sliding wear tracks were almost featureless and no structural change in NH-DLC due to
sliding occurred as revealed by the Raman spectroscopy of the wear track (Figure 3.7b).
Similar to the NH-DLC wear track, there was no structural changes that took place on the
NH-DLC coated ball contact surface as revealed from the BSE image in Figure 3.7 (c) and
Raman spectra in Figure 3.7 (d).
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Figure 3.7. (a) Back scattered electron (BSE) image of a typical section of NH-DLC’s
wear track was tested against NH-DLC coated counterface in 5.0×10-4 wt.% GNP
containing ethanol. (b) Raman spectra obtained from the region shown with rectangle in
plate (a). (c) BSE image of NH-DLC counterface when tested against NH-DLC in 5.0×104
wt.% GNP containing ethanol. (d) Raman spectra obtained from the region indicated by
the rectangle in plate (c).
3.3.3. Wear rates of uncoated and DLC coated tool steel in ethanol and ethanol containing
5×10-4 wt.% GNP

Figure 3.8 shows the wear rates of the uncoated M2 steel, NH-DLC, as well as HDLC coated steel tested in ethanol with and without GNP against DLC coated and uncoated
tool steel counterfaces. The wear rate of M2 steel sliding against uncoated steel decreased
by 65%, from 38.89×10−6 mm3/Nm when tested in ethanol, to 15.41×10−6 mm3/Nm in
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ethanol containing 5×10-4 wt.% GNP. The H-DLC coated surfaces experienced a higher
wear rate of 29.13×10−6 mm3/Nm than that of 18.89 ×10−6 mm3/Nm for NH-DLC after
sliding against steel balls in ethanol without GNP. Meanwhile, when the sliding tests were
conducted against steel balls in ethanol added with 5×10-4 wt.% GNP, the wear rates of
both H-DLC and NH-DLC coatings were reduced by 80% to a low value of 4.34×10−6
mm3/Nm and 4.18×10−6 mm3/Nm respectively. The wear rates of the NH-DLC wear track
sliding against a NH-DLC coated ball in ethanol without GNP resulted in the lowest value
(2.38×10−6 mm3/Nm), and tests conducted in ethanol with the addition of GNP further
reduced the wear rate of NH-DLC to 0.65×10−6 mm3/Nm. Therefore, the addition of 5×104

wt.% GNP in ethanol resulted in low wear of both H-DLC and NH-DLC counterface

while they were tested against steel, and the wear of NH-DLC reached a minimum value
if a NH-DLC sliding counterface was used.
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Figure 3.8. Comparison of wear rates of DLC coated and uncoated M2 steel disks during
contact with DLC coated and uncoated 52100 steel counterfaces for sliding tests run in
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ethanol and in ethanol with the addition of 5.0×10-4 wt.% GNP. Wear measurements were
made from wear tracks on uncoated M2 tool steel and H-DLC, NH-DLC coated tool steel
surfaces.
In summary, the results presented in this section revealed that a low μS of 0.16
occurred when two tool steel surfaces were put in sliding contact and tested in ethanol
added with 5×10-4 wt.% GNP compared to the μS of 0.31 when the same tribological couple
was tested in ethanol without GNP. Coating one or two surfaces with DLC resulted in a
common low friction region with a low μS of 0.06 when the sliding test was conducted in
ethanol with 5×10-4 wt.% GNP. The ethanol with 5×10-4 wt.% GNP resulted in a 65%
reduction in the wear rate on tool steel running against an uncoated steel sheet. A reduction
in wear rate of ~80% occurred of both H-DLC and NH-DLC coated surfaces during sliding
in GNP incorporating ethanol. Raman and SEM inspections of the worn surfaces revealed
that a tribolayer was formed on uncoated steel counterfaces, whereas the worn surfaces of
DLC coated steel surfaces didn’t display tribolayers. The low COF and low wear behaviour
of uncoated and DLC coated steel could be interpreted by considering the formation of
tribolayers on steel counterfaces as discussed in the next section.

3.3.4. Friction and wear reduction mechanisms

The XPS analyses of the wear tracks that were formed during sliding of NH-DLC
against NH-DLC in 5×10-4 wt.% GNP containing ethanol showed C 1s peaks appearing at
binding energies of 284.80, 286.30, and 288.80 eV (Figure 3.9) that may be assigned to CC/-C-H, -C-OH/-C-O-C and -O-C=O, respectively [51-53]. These results suggest that the
carbon atoms at the interacting NH-DLC surfaces were passivated by -H and -OH
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functional groups dissociated from ethanol. The passivation of the carbon surfaces leads to
a reduction in the adhesive interactions between the surfaces according to first principles
calculations [37, 54, 55]. It has been suggested that the “easy shear” of the graphene layers
would contribute to the low friction of the graphene [1, 2, 5], and the passivation of
graphene surfaces could be considered as an essential component of the friction reduction
mechanism [9, 17, 18]. However, passivation of the sliding surfaces was not the only
friction reduction mechanism; Formation of carbonaceous transfer layers that were
commonly observed when the DLC coatings were put in sliding contact against steel [5458] also contributed to the friction reduction. The presence of passivated carbonaceous
transfer layers that formed on steel surfaces were well documented in the literature [4, 27].
In case of NH-DLC running against uncoated tool steel in 5×10-4 wt.% GNP added ethanol,
the reduction of COF was accompanied by the formation of tribolayers on the steel surface.
These tribolayers consisted of oxidized iron phases mixed with graphene flakes; Which
could be further analysed using Raman and TEM studies. According to the Raman spectra
of tribolayers (Figure 3.6d), the graphene could be readily damaged and may be subject to
damage during the sliding process [3, 13]. The sliding induced defects consist of fracture
at the edge of graphene and vacancy formation [12, 13, 17, 18]. An increase in the
concentration of vacancies and formation of edge defects facilitate passivation of graphene
by the functional groups dissociated from ethanol. As shown in Figure 3.10, the D peak of
the Raman spectra obtained from the tribolayers was prominent and its peak position
shifted to ~1345 cm-1 from the D peak’s initial position at 1365 cm-1 observed at the
sonicated GNP (Figure 3.1). The occurrence of (D+G) band at ~2735 cm-1 was also
observed. The prominent Raman D peak and occurrence of the (D+G) peak provided
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evidence for generation of defects in the tribolayers.

Figure 3.9. X-ray photoelectron spectroscopy (XPS) spectra for C 1s state obtained from
the NH-DLC wear track formed during running against NH-DLC coated counterface
showing surface passivation of the NH-DLC sliding surface by -H and –OH.

Figure 3.10. Raman spectra of the graphene (GNP) incorporating tribolayer formed on
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steel surface during sliding against NH-DLC in comparison to the GNP prior to sliding
(sonicated GNP).
The microstructural details of sliding induced damage could be delineated from an
investigation of GNP formed on top of tribolayers and within these layers. For this purpose,
the tribolayers formed on steel counterface at steady-state friction portion of COF curve
(see Figure 3.3a) were investigated by FIB and TEM (Figures 3.11(a, b)). As shown in
Figure 3.11(a), the GNP flakes were deposited on top of the iron oxide layer. The low
magnification cross-sectional TEM image shown in Figure 3.11(b) revealed a tribolayer
with a thickness of 500-700 nm consisting of Fe2O3 formed on steel surface on top of which
graphene flakes of 130 nm in thickness were deposited. It could also be observed that
graphene stringers were embedded within the tribolayer. An example of GNP within the
oxide matrix of tribolayer is indicated in Figure 3.11(b). The presence of the embedded
GNP flakes suggests that the deposition of the GNP flakes and formation of the iron oxide
may have occurred simultaneously. The continuous GNP deposition on top of the
tribolayers would stabilize the COF at a low value (Figure 3.3). When sliding longer than
a certain distance, the COF started to increase probably due to the higher oxidization rate
of the steel surface compared to the deposition rate of GNP. The mechanical damage and
deformation of the GNP as a result of sliding could be revealed from an examination within
the iron oxide using high resolution cross-sectional TEM (HRTEM). Results are shown in
Figures 3.11(c, d). Bending of the graphene can be observed in Figure 3.11(c). Bending of
the graphene stacks resulted in an increase in the interlayer spacing. This can be observed
by the spacing change between the graphene layers where an interlayer spacing of 0.36 nm
can be measured from the bending zone. The HRTEM image in Figure 3.11 (d) identified
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9-12 layers of graphene in a different region of GNP stack where the graphene layers were
not bent but fragmented into short segments with each segmented stack having a d-spacing
of 0.34-0.36 nm as determined from Fast Fourier Transform (FFT) derived diffraction
patterns. Therefore, the d-spacing values of the damaged graphene layers (Figure 3.11d)
in the tribolayers were larger than that of pristine graphite with d(002)=0.33-0.34 nm [59].
The increase in the interlayer spacing may be attributed to the adsorption of functional
groups (H, OH, O) dissociated from ethanol at graphene’s defect sites [17]. As previously
suggested, dissociative adsorption of these functional groups can be responsible for the
friction reduction of graphene due to the reduced interlayer binding energy. Therefore, a
low COF of ~0.06 is achieved due to the formation of tribolayers with an efficient
passivation and adsorption of graphene by ethanol during the sliding process. In summary,
dispersing graphene into ethanol solution offers a possibility to achieve low friction and
wear between two tool steel surfaces that are uncoated or DLC coated.
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Figure 3.11. (a) Secondary electron image of top surface of the tribolayer on 52100 steel
ball contact surface after sliding against NH-DLC in ethanol added with 5.0×10-4 wt.%
GNP. (b) Cross-sectional FIB-milled SEM image of the tribolayer on steel contact surface
showing 500-700 nm thick iron oxide layer and a graphene between the iron oxide layers.
(c) HRTEM image of graphene layers consisting of 21–25 stacks with d-spacing of 0.34
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nm within a Fe2O3 matrix. The bending of graphene layers with d-spacing of 0.36 nm is
also shown. (d) High resolution TEM (HRTEM) image of a graphene stack consisting of
9–12 layers with d spacing of 0.34 nm within a Fe2O3 matrix. In plates (c) and (d) the FFT
patterns of graphene layers and Fe2O3 grains are shown in the insets.
3.4. Conclusions

The main conclusions that arise from this work are as follows:
i.

The sliding contact between two tool steel surfaces running under boundary
lubricated condition in ethanol containing 5×10-4 wt.% GNP resulted a COF of 0.16
compared to 0.31 without the addition of GNP.

ii.

The sliding of tool steel against a DLC coated steel surface in ethanol containing
5×10-4 wt.% GNP reduced the COF and a stable steady-state COF (µS) of 0.06 was
observed. The same low µS of 0.06 of tool steel was achieved in GNP containing
ethanol with both NH-DLC and H-DLC counterfaces, and the wear rates were
decreased by 70% compared to the use of uncoated tool steel counterface.

iii.

The friction reduction processes in steel vs. steel and steel vs. DLC systems were
due to the formation of GNP tribolayers on the steel surface. When two uncoated
steel surfaces ran against each other, the graphene layers were mixed with Fe2O3
with some graphene flakes continuously deposited on top of the iron oxide layer.
High resolution cross-sectional TEM showed that graphene layers were
occasionally fragmented and bent which were the typical sliding induced damage.
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CHAPTER 4
Role of Carbon Nanotube Tribolayer Formation on
Low Adhesion and Friction of Aluminum Alloys
Sliding Against CrN

4.1. Introduction

Reducing friction and adhesion between the surfaces subjected to sliding contact is
an effective way of minimizing energy losses and thus increasing efficiencies of
engineering components. Not only automotive components such as piston-engine bore
assembly benefit from this approach, but also improvements in tool life, as well as high
quality of surfaces in manufactured products can be achieved [1-3]. 10% reduction in
parasitic friction in internal combustion engines is reported to reduce fuel consumption by
3% [4]. The use of low dimensional carbon materials including graphene and carbon
nanotubes as solid lubricants or additives to liquid lubricant (metal removal fluids) may
offer an economical way of friction reduction and adhesion mitigation, especially when
light weight Al-, Mg-, Ti- based materials used. This tribological approach may constitute
as an alternative to the use of surface coatings, or it can be used in conjunction with these
coatings [5-7]. A carbon nanotube (CNT) can be viewed as a hexagonal carbon lattice
forming a tubular morphology. CNTs are generally classified as single-walled (SWCNT)
or multi-walled (MWCNT) with either open or closed ends. Diameters of SWCNT and
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MWCNT are typically 0.8 to 2 nm and 5 to 20 nm, respectively, whereas the length of the
CNTs may range from <100 nm to several centimeters [6].
Due to its high strength and modulus, attempts have been made to incorporate CNT
into metal matrices or into surface coatings to improve the mechanical and tribological
properties of materials [8, 9]. A low COF of 0.13 was obtained using pin-on-disk type dry
sliding tests conducted with a Cu matrix composite with 12 vol.% CNT running against a
diamond pin, and also the wear rate was reduced by 75% compared to commercially pure
Cu without CNT under a load of 10 N [8]. The same low COF of 0.13 was also reported
for dry sliding of a Ni matrix containing 5 vol.% CNT against a WC-Co counterface under
a load of 5 N in an ambient air environment [10]. CNT would achieve low friction when
used as a solid film [11-14]. Dry sliding of CNT films against a diamond tip were
investigated using a micro-tribometer [11], and a very low COF of 0.01 was observed when
the tests were performed under a normal load of 0.098 N.. A low steady-state COF of 0.18
(µS) following a running-in period COF of 0.35 (µR) was observed when a steel pin was
tested against a flattened CNT film with low defect concentration under a load of 0.2 N
during dry sliding [13]. CNT films deposited by mechanical rubbing running against a steel
surface revealed a friction reduction of 80% under a load range of 5 N to 15 N compared
to steel surfaces without CNT [14]. The dry friction reduction mechanism of CNT has been
attributed to the rolling and sliding action of individual CNT at the contact surfaces [15],
although direct experimental evidence is not available. Unzipping of CNT were observed
at the wear surface [14].
The role of atmospheric humidity has been considered in some studies. A low COF
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value of 0.05 was resulted when sliding an alumina-yttria stabilized zirconia pin against
CNT coating in air with 50% RH under a load of 1.4 N, while a higher COF was observed
when the tests were conducted in vacuum [16]. The deformation and passivation of the
dangling bonds for CNT were suggested to be responsible for the low COF observed at
tests carried out using an environment with 50% RH [16].
The role of CNT addition to water in reducing the friction of tool steel was studied
[17], and it was found that while the COF of steel couple tested in water was 0.25, when
0.1 wt.% CNT was added the COF was reduced to 0.10. An ultralow COF value of 0.08
was reported for steel sliding against steel tested under boundary lubrication with addition
of 1 wt.% SWCNTs in synthetic polyalphaolefin base oil (PAO) [18]. Raman spectroscopy
of CNTs showed that as a result of sliding the Raman peak ratio (ID/IG) increased from 0.08
to 2.18 and a notable Raman peak shift in D and G peaks occurred while sliding a steel pin
against sapphire in PAO with 1 wt.% SWCNTs [19].
The objective of this manuscript is to study the role of CNT tribolayers formation
in reducing friction and Al adhesion to the CrN counterface. Al-Si alloys are used in engine
blocks, pistons [20-22]. However, aluminum engine blocks made of eutectic or near
eutectic Al-Si alloys are subjected to adhesion to conventional CrN piston rings [23-25].
Sliding tests were conducted with CNT suspended in ethanol using a typical engine block
material, 319 Al, tested against a CrN coated steel. Reduction in Al adhesion on the CrN
sliding contact surfaces was exhibited in tests conducted in ethanol with addition of 0.14
wt.% CNT. Surface characterization by electron microscopy and spectroscopic methods
were used to delineate the possible mechanisms of aluminum adhesion reduction.
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4.2. Experimental Details

4.2.1. Description of test materials and CNTs

A tribosystem consisting of a typical engine bore coasting, 319 Al, and CrN coated
counterface that is usually used as piston coating was selected for studying the role of CNT
addition in ethanol. Ethanol is an additive to fuel (e.g. E85). The sliding tests were
performed by using a 319 Al (Al-6.5% Si) in the form of a pin against a CrN coated M2
steel. A pin-on-disk tribometer (CSM) was used for this purpose running at a speed of 0.02
m/s and a load of 2N for 2000 revolutions at 25 ˚C. The bulk hardness of 319 Al was 72.40
HR-15T, measured as Rockwell superficial hardness using a 1/16 in (1.59 mm) diameter
ball and a 15 kg load. The Young’s modulus of 319 Al was 74 GPa and its Poisson’s ratio
was 0.33 [20]. The mechanical properties and details of chemical compositions of the 319
Al alloy can be found in [21, 26]. The CrN coating was deposited on the surfaces of a M2
grade steel coupons of 2.54 cm in diameter (polished to 1 µm) using a physical vapor
deposition (PVD) process. The coating thickness was measured as 3.5 µm. The hardness
of the coatings was measured using a Hysitron TI 900 TriboIndenter equipped with a
Berkovich nanoindenter tip to a maximum indenter contact depth of 150 nm. Accordingly,
the hardness of the coating was 21±2 GPa. The elastic modulus of CrN was 336 GPa and
its Poisson’s ratio was 0.28 [27, 28]. Thus, the tests were conducted with a maximum
Hertzian contact pressure of 0.76 GPa. The average surface roughness (Ra) of the coating
measured using a white light interferometer (Wyko) was as 21.0±2 nm.
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Figure 4.1. Bright-field TEM images of as received CNTs: (a) multiple CNTs with a
diameter range between 7 nm and 20 nm; (b) a single CNT with a diameter of 20 nm curled
at one end.
There are three general methods for the synthesis of CNTs, namely (i) arc
discharge; (ii) laser ablation; (iii) and chemical vapor deposition (CVD), among which the
latter process offers the most promising prospect for large-scale production with low cost
[29]. Multi walled carbon nanotubes (MWNTs, CNTs > 98% carbon basis) prepared by
chemical vapor deposition (CVD) using cobalt and molybdenum as catalysts (CoMoCAT)
were purchased from Sigma-Aldrich. The morphology of CNTs was studied by
transmission electron microscopy (Tecnai G2) operated at an accelerating voltage of 200
kV. The MWCNTs samples for TEM imaging were prepared by adding 1mg MWCNTs in
10ml ethanol followed by sonication in water bath for a period of 60 minutes to obtain the
same 0.14 wt.% MWCNTs concentration used for the sliding friction tests conducted in
this work (see Sect. 4.3.1). Then two drops of MWCNTs solution were placed on a copper
grid and air dried. The multi-walled CNTs (MWCNT) used as additives to ethanol for
sliding tests were characterized with an average outer diameter of 10 nm, 4.5 nm inner
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diameter, and 3-6 μm in length. The bright field TEM images of the MWCNTs at a
magnification of 43,000 are shown in Figure 4.1(a) and (b). As shown in Figure 4.1(a),
the diameter of the CNTs ranges between 7 nm and 20 nm and the CNTs were intertwined.
Figure 4.1(b) shows a curled CNT that reveals the tubular morphology of carbon nanotube
with a diameter of 20 nm at a closed end.

4.2.2. Sliding tests under different environments

Tests were conducted in air with 25% relative humidity (RH). Lubricated sliding
tests were conducted by immersing both the pin and disk in absolute ethanol (ethanol >
97%) contained in a cylindrical-shaped vessel mounted on the tribometer. 0.14 wt.% CNT
containing ethanol was used in the main part of the experiments. From the ratio (λ= hmin/r*)
of the minimum lubricant thickness (hmin=2.75×10-4 μm) to the root mean square (r.m.s.)
roughness (r*=0.59 μm) of the surfaces in initial contact, it was determined that λ was
0.5×10-3 where λ < 1 indicates that at the start of the test boundary lubrication conditions
were satisfied. A detailed description involved the steps of calculations of λ ratio could be
found in Refs [30, 31]. Prior to the sliding tests, all samples were cleaned ultrasonically in
water bath for a period of 10 minutes. The COF values were recorded continuously during
the sliding tests, and plotted as a function of number of sliding revolutions. The highest
COF value within the initial stage (about 400 cycles) was taken a running-in COF (µR),
and the steady-state COF (µS) value was calculated from the COF corresponding to sliding
for 1000 cycles and 2000 cycles. The amount of Al adhesion on CrN wear track was
determined after each test (Sec 4.3.3).
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Figure 4.2. Variation of the running-in (µR) and steady-state COF (µS) when 319 Al was
tested against CrN in absolute ethanol with different concentrations of CNT.
The concentration of CNT to be added in ethanol was determined by conducting a
series of preliminary tests; The lowest steady state COF (µS) was achieved at when 0.14
wt.% CNT used as can been seen in Figure 4.2. The addition of CNT in ethanol reduced
the running-in COF (µR) values from 0.43 to about 0.35 for CNT concentrations in ethanol
increased from 0.01 to 0.14 wt.%, and further increased to 0.38 in 0.42 wt.% CNT solution.
The steady state COF experienced a slight increase compared to the tests in pure ethanol
(COF=0.17) at low CNT concentration range followed by a drop to 0.16 for 0.14 wt.%
CNT in solution. When a CNT concentration > 0.14 wt.% was used, the steady state COF
increased sharply to 0.18 (0.28 wt.% CNT) and 0.19 (0.42 wt.% CNT) possibly due to the
agglomeration of CNTs. Therefore, the friction tests conducted in ethanol added with 0.14
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wt.% CNT were further analyzed.

4.2.3. Determination of Al adhesion and observation of tribolayers

The volumetric wear loss in the wear tracks of the CrN coatings incurred during
sliding against 319 Al in different environments was estimated using a Wyko surface
profilometer, and the volume removed was calculated by averaging that of 9 different
locations along each circular wear track (radius 1.5 mm). The 319 Al pin contact surfaces
and the wear tracks formed on CrN counterfaces were examined by a FEI Quanta 200 FEG
scanning electron microscope (SEM) equipped with an energy-dispersive spectrometer
(EDS) operated at an electron voltage of 15 keV. The SEM/EDS mapping technique was
used to characterize the 319 Al pin contact surfaces for possible formation of CNT
tribolayers and wear tracks of CrN for Al adhesion. Area percentage of CrN wear track
covered by Al transferred from 319 Al sample was estimated by analysing the back
scattered electron (BSE) images using an image processing and analysis program. Details
of this technique can be found in Refs [24, 32]. The contrast difference of the BSE images
was used to differentiate between aluminum and CrN. After the sliding tests Raman spectra
of the 319 Al surfaces were taken through the 50× objective lens of a Horiba Raman microspectrometer using a 50 mW Nd-YAG laser (532 nm excitation line). The composition of
tribolayers formed on the top of the 319 Al surfaces were analyzed using FourierTransformed Infrared (FTIR) spectroscopy after the sliding tests in the reflectance mode at
two spots with an aperture of 100 μm × 100 μm.

4.3. Results and Discussion
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4.3.1. Frictional behaviour of MWCNTs in ethanol in reducing friction

Figure 4.3. Variation of the COF with the number of revolutions when 319 Al was tested
against CrN in ethanol and ethanol with addition of 0.14 wt.% CNT. The variation of the
COF with the number of revolutions in dry condition is shown in inset.
Figure 4.3 shows a typical variation of the COF of 319 Al sliding against CrN
coating during dry sliding tests under an ambient atmosphere (25% RH) as a number of
revolutions. The variation of COF values for the tests carried out using an ethanol solution
and ethanol with CNT addition at the concentration of 0.14 wt.% are also shown. During
dry sliding tests, a high COF of 0.64 with high fluctuations, particularly after 200
revolutions, was observed (as shown in inset of Figure 4.3). When the tests were carried
out in ethanol, a running-in COF (μR) of 0.43 was observed during the first couple of
revolutions, and a steady-state COF (μS) of 0.18 was recorded between 1200 cycles to 2000
134

cycles. When tests were run with 0.14 wt.% CNT added to the ethanol, the μR was
decreased to 0.35, and the average μS between 1200 and 2000 cycles was lowered to 0.16.
These COF curves are the representative curves for each test environment. All μ R and μS
values from the tests shown in Figure 4.3 along with two other tests conducted under the
same testing conditions are listed in Table 4.1. As shown in Table 4.1, the average μR (of
three tests) dropped from 0.48 in ethanol to 0.37 for surfaces tested in 0.14 wt.% CNT
ethanol solution. The μS (of three tests) dropped from 0.66 in dry sliding to μS=0.17 in
ethanol and μS=0.16 in 0.14 wt.% CNT ethanol solution. Thus, the effect of CNT addition
to ethanol on COF was comparable to that of ethanol without CNT, but as shown in Section
4.3.2 CNT significantly reduced Al adhesion to CrN.
Table 4.１. Summary of running-in COF (µR) and steady-state COF (µS) values of 319 Al
tested against CrN in dry sliding, ethanol solution, and ethanol with 0.14 wt.% CNT. The
numbers in brackets are the magnitude of fluctuations about the mean friction values in a
given test. The averages of µR and µS reported on the last row are calculated from the
corresponding COF of three tests (test 1, test 2, and test 3).
Test No.
Test 1
Test 2
Test 3
Average

Dry
µR
0.65
0.61
0.64
0.63
±0.02

Ethanol
µS
µR
0.66 (0.02) 0.43
0.64 (0.01) 0.34
0.67 (0.03) 0.67
0.66±0.02 0.48±0.17

Ethanol with CNT
µS
µR
µS
0.18 (0.05) 0.35
0.16 (0.05)
0.17 (0.04) 0.36
0.16 (0.07)
0.17 (0.10) 0.39
0.16 (0.03)
0.17±0.01 0.37±0.02 0.16±0.003

4.3.2. Adhesion of Al on CrN wear tracks under different tests environments

The backscattered electron images of the wear tracks formed on the CrN coating
surfaces in sliding contact with 319 Al are shown in Figure 4.4. The wear track formed on
the CrN’s surface under dry sliding contact exhibited significant amount of adhered Al
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chips transferred from the 319Al surface as shown in Figure 4.4(a). Compared to Figure
4.4(a), the wear track of CrN coating surfaces tested against 319 Al in pure ethanol was
characterized by a smaller amount of adhered Al chips (Figure 4.4b). The smoothest
contact surfaces were generated when CrN was tested in ethanol with CNT at a
concentration of 0.14 wt.%, where the smallest amount of Al adhesion was observed. The
area percent of CrN contact surface (wear track) covered by transferred Al chips during
dry sliding against 319 Al, and in ethanol, and ethanol with 0.14 wt.% CNT are determined
as described in Section 2.2 and plotted in Figure 4.4(d). As shown in Figure 4.4(d), during
dry sliding 36% of the contact surface of CrN was covered by adhered Al. Meanwhile,
when the sliding tests were performed in an ethanol solution, the percentage of the contact
surfaces covered by Al was reduced to 24%. The lowest amount of Al adhesion to CrN
was achieved when 0.14 wt.% CNT was used in ethanol, such that about 9% of the contact
surface was covered by Al. The results showed that the tests running in ethanol would
result in a low COF and mitigate Al adhesion to the CrN surface during sliding contact,
while the addition of 0.14 wt.% CNT to ethanol would reduce Al adhesion to CrN surfaces
to the lowest amount while maintaining the low COF (Figure 4.3).
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Figure 4.4. Typical secondary electron images of wear tracks formed on the CrN surfaces
when tested against 319 Al in (a) dry, (b) ethanol, and (c) 0.14 wt.% CNT. (d) Percentages
of the surface areas of the CrN coating sliding wear tracks covered by aluminum tested
under dry, ethanol and ethanol with 0.14 wt.% CNT. For each sample, the reported values
are the averages of three SEM images.
It could be seen from Figure. 4.5 that the highest wear rate of 3.61×10-6 mm3/Nm
formed on the CrN coating was observed during the dry sliding test, and the use of CNT
reduced the wear rate of CrN from 1.54×10-6 mm3/Nm to 1.05×10-6 mm3/Nm. The inserts
of the 3-D wear tracks showed a rough wear surface due to significant Al adhesion on CrN
formed when tested in ethanol, whereas a smooth wear surface was obtained when the test
was performed in ethanol added with 0.14 wt.% CNT. Thus, 0.14 wt.% CNT significantly
mitigate Al adhesion on CrN while slightly reduce the COF and wear of the CrN coating.
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Figure 4.5. Variations of the wear rates of CrN during sliding against a 319 Al pin under
dry condition, in ethanol and ethanol added with 0.14 wt.% CNT after 2000 revolutions.
Each data point in the plot represents the average value of three tests performed. The insert
of the 3-D surface profiles of the section of wear tracks (WT) formed on CrN in ethanol
added with 0.14 wt.% CNT show a smooth surface.
4.3.3. Structures and morphologies of CNT tribolayers and their roles on adhesion
reduction
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Figure 4.6. (a) Back scattered electron image of the 319 Al pin surface taken after sliding
against CrN coating under dry condition; the elemental EDS maps taken from the whole
area shown in (a) are (b) Al, (c) O. (d) BSE image of the 319 Al pin surface taken after
sliding against CrN coating in ethanol; the elemental EDS maps taken from the whole area
shown in (d) are (e) Al, (f) O.
The 319 Al contact surfaces were examined by SEM in BSE mode to reveal the
morphological features of the worn surfaces, and an EDS mapping technique was used to
determine the elemental composition changes that occurred on the contact surfaces. For the
dry sliding tests conducted under an ambient environment, the BSE image in Figure 4.6(a)
revealed the flattened shape of the contact surface, which exhibited scratch marks
extending along the sliding direction. The EDS map in Figure 4.6(b) revealed that the
surface consisted of Al with no transfer from CrN occurred. In addition, the 319 Al contact
surface exhibited a uniform distribution of O (Figure 4.6c), indicating formation of an
oxide layer on the pin surface during sliding. When the sliding contact tests were conducted
in an ethanol solution, the 319 Al surface became smoother with scratches extending along
the sliding direction as shown in Figure 4.6(d). The diameter of the worn area was reduced
to half compared to that generated when 319 Al was tested under the dry sliding condition.
The elemental analyses in Figures 4.6(e, f) indicated that the 319 Al contact surface had a
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smaller amount of O, hence it was oxidized at a lesser extent compared to the tests in a dry
environment. Meanwhile, no significant signal from C was obtained in the EDS spectra of
the pin surface.
After the dry sliding tests and for the samples were tested in ethanol solution no
tribolayers formation was observed on the contact surface of 319 Al. When CNT added
ethanol was used, tribolayers were formed on the 319 Al surfaces. These tribolayers were
investigated first by SEM and then by spectroscopic techniques. As shown in Figure 4.7(a),
when tested in ethanol with addition of 0.14 wt.% CNT, in this case the 319 Al contact
surface was characterized with the adhesion of CNTs. The CNT deposition on the Al
surface was confirmed by the EDS map of C as shown in Figure 4.7(b). Raman
spectroscopy was used to analyze compositions of CNT incorporating tribolayers formed
on the 319 Al pin surfaces tested in ethanol with 0.14 wt.% CNT. The Raman spectrum of
the CNT tribolayers in Figure 4.7(c) was characterized by a D peak at 1330 cm-1, G peak
at 1586 cm-1, G peak at 2670 cm-1, and D+G peak at 2916 cm-1. Compared to the Raman
spectra of as received CNT with D peak at 1335 cm-1 and the G peak at 1575 cm-1, the
Raman peak shifts that occurred indicated that the CNT fibres were subjected to sliding
damage possibly involving unzipping of some tubes and formation of defects [13, 14, 19,
33].
FTIR spectrum obtained on the CNT tribolayers formed on the 319 Al contact
surfaces in ethanol with addition of 0.14 wt. % CNT is shown in Figure 4.7(d). The FTIR
spectrum of the CNT prior to the test in the dried condition after sonication for 30 minutes
in ethanol solution is presented for comparison. The two peaks at 2924 cm−1 and 2866 cm−1
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are attributed to -CH3 and -CH2 stretching modes, respectively [34]. The peaks at 1454 cm1

and 2925 cm-1 could be ascribed to C-H groups. Compared to the CNT before the test, a

prominent C-H a band at 1000 cm-1 was observed on the tribolayers. The most salient
characteristic of CNT rich tribolayers in Figure 4.7(d) was a broad band observed at 3400
cm−1, which was attributed to the hydroxyl (O-H) groups [35]. Meanwhile, the CO2 peaks
at 2350 cm-1 observed in this and other FTIR spectra were due to contamination from the
surrounding atmosphere [36]. Therefore, the FTIR analyses above indicated the carbon rich
tribolayers formed on the 319 Al surface after sliding against CrN in ethanol with 0.14
wt.% CNT were rich in -H and -OH functional groups. It should be noted that other carbon
based material such as graphene would show a low COF when the dangling carbon bonds
were functionalized by H and OH due to formation of sliding induced defects. The reduced
interlayer binding energy between graphene bilayers was suggested to reduced friction
according to the results of first principles calculations [7].
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Figure 4.7. (a) Back scattered electron image of the 319 Al pin surface taken after sliding
against CrN coating in ethanol with addition of 0.14 wt.% CNT; (b) the elemental EDS
map taken from the whole area shown in (a) for C; (c) Raman spectra of tribolayers (TL)
formed on the 319 Al pin surface and CNT as received. Diameter of the laser spot for
Raman on the specimen surface was 1 μm. The Raman peak at 500 cm-1 was attributed to
Si; (d) FTIR spectra of the tribolayers (TL) formed on the 319 Al surface when sliding
against CrN surface in ethanol with addition of 0.14 wt.% CNT, and FTIR of CNT after
sonication in ethanol for comparison.
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Figure 4.8. High resolution SEM image of the 319 Al pin surface: (a) initial stage of CNT
roll formation; (b) CNT roll with a diameter of 1.3 µm. Locations 1 and 2 in (a), and well
as 3 in (b) indicate slightly curved CNT tribolayers for CNT roll formation.
The back scattered image in Figure 4.8(a) revealed that the CNT fibers in some
regions of the tribolayers became undulated possibly due to the deformation of CNT fibres
during sliding, which is likely to constitute the initial stage of CNT tribolayers roll
formation (Figure 4.8b). As shown in Figure 4.8(b), the CNT fibres became rolled in a
cylindrical configuration with a diameter of 1.1±0.2 µm and 8.3 µm in length on the 319
Al pin surface. Therefore, the formation of the CNT tribolayers on 319 Al would serve to
reduce direct contact between Al and CrN and thus mitigate Al adhesion and stabilize the
COF, and the rolled up CNT configuration could be an additional morphological factor
contributing to the adhesion reduction. In conclusion, both composition changes, namely
H and OH functionalization of the fibres, as well as microscopic change such as formation
of rolled up tribolayer structures should be taken into account when examining the adhesion
mitigation mechanisms.
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It is pertinent to consider the industrial implications of the friction reduction and Al
adhesion mitigation observed in this work. This paper demonstrates that the use of 0.14
wt.% CNT to ethanol reduced the COF and Al adhesion on CrN due to the formation of
CNT tribolayer on the Al surface. The running-in COF and steady-state COF were reduced
by 23% and 10% respectively when tested in CNT containing ethanol. Al adhesion on CrN
was decreased by 62.5%. A common mechanism that is responsible for the prevention of
adhesion in combustion engines is the formation of carbon rich tribolayers or oil residue
layers [37, 38] which are carbonaceous materials mixed with interfacial metallic elements
on the contact surfaces (piston rings and bore surfaces). These CNT tribolayers observed
in this manuscript are similar to these tribolayers that are an integral part of friction
reduction mechanisms of internal combustion engines [39]. Parasitic friction in the internal
combustion engines causes more than 40% loss of the mechanical energy, where the major
sources of the frictional losses are due to the contact between the piston assembly and
cylinder bore [40, 41]. A 10% decrease in frictional losses could reduce the fuel
consumption by about 3% [4]. Therefore, this manuscript shows that by incorporating an
appropriate quantity of CNT in biofuel such as E85 used in engine oils low friction
powertrain components made of lightweight Al-Si alloys could be realized in future.

4.4. Summary and Conclusions

Sliding tests were conducted using CNT added ethanol under the boundary
lubricated condition to unveil the role of CNT tribolayer formation in reducing friction and
aluminum adhesion (319 Al) to a CrN counterface. The main conclusions pertaining to this
work can be summarized as follows:
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i.

Sliding tests conducted using 0.14 wt.% CNT dispersed in ethanol showed a lower
running-in COF of 0.37 compared to that of 0.48 in ethanol without CNT, and the
steady-state COF was slightly reduced to a value of 0.16 from 0.17.

ii.

Significant reduction in Al adhesion on the CrN sliding contact surfaces was
exhibited in tests conducted in ethanol with addition of 0.14 wt.% CNT, where the
percent of area on CrN wear track covered by Al was 9% contrasting to 24% in
ethanol without CNT.

iii.

Tribolayers consisting of partially damaged CNTs were identified on the Al
surfaces by Raman and SEM analyses, and the dangling carbon bonds of CNT
generated during sliding were passivated by H and OH as revealed by FTIR
spectroscopy. The CNT tribolayers were curled and rolled to a diameter of 1.3 µm,
which possibly prevented direct contact between Al and CrN surfaces.
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CHAPTER 5
Friction Mechanisms of MoS2 under Humid
Atmosphere: Experimental and Atomistic Approaches

5.1. Introduction

The use of 2D materials including molybdenum disulfide (MoS2), graphene and
boron nitride, in the form of surface coatings or lubricant additives is an emerging
technology to achieve low friction between the surfaces placed in sliding contact [1-6].
MoS2

films or coatings are increasingly being used on the surfaces of engineering

components operating in vacuum or under an inert gas atmosphere where a low coefficient
of friction (COF <0.002) was typically observed against counterfaces made of steel and Ti
alloys long service lives were attained [7-9]. As MoS2 layers are bonded by van der Waals
forces, easy interlamellar slip was cited in early work as the possible reason for the low
COF by using the analogy of the “deck-of-card” models [10, 11]. There is evidence
provided by electron microscopy and spectroscopy for the alignment of the MoS2 layers
near the sliding interface along the direction of sliding motion [12, 13], and for the
formation of tribolayers on the counterfaces by the transfer of MoS2 fragments [14]. It is
also well established that the COF of MoS2 would increase with increasing humidity in the
tribosystem’s environment [15-17]. This deterioration in the frictional behaviour of MoS2
tested in humid atmospheres differs from that of the graphene [18-21], which shows a
decrease in COF as the relative humidity (% RH) increases. It was suggested that water
molecules would inhibit easy shear of the aligned layers of MoS2 [22, 23]. It was also
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observed that the high COF attained in humid air is reversible with the exception of high
humidity levels [24]. Several studies were focused on studying the role of sliding-induced
atmospheric oxidation as the possible reason for the high COF. The negative effect of
formation of MoO3 on the lubricity of MoS2 has been illustrated in the literature, such as
the reduction in the wear life of sputtered MoS2 thin films by more than 90% [25-27]. Using
first principles calculations, the increased adhesion of MoO3(001)/MoO3(001) interface
compared to that of MoS2 (001)/MoS2 (001) was shown to impede interfacial sliding [28].
Thus, the tribo-chemical mechanisms that control the COF of MoS2 are complex and
oxidation was not the only possible mechanism suggested for the increased COF; The role
of H2O molecules were also considered [29].
To study the role of H2O on the COF of MoS2 on the COF, it is pertinent to review
results of sliding tests conducted in inert atmospheres, including N2, with different %RH
levels and compare the COF values obtained with those obtained in the tests conducted
under the same % RH but in air or oxygen rich environments. For example MoS2 films
sliding against steel pins showed a COF of 0.02 in vacuum, but a higher COF of 0.08 was
attained in air with moisture (25-35 % RH) [30]. On the other hand, it was shown that
compared to the low COF 0.03 of sputtering deposited MoS2 films observed during sliding
in dry air, the COF of the same films tested in N2 with 24% RH showed an increased COF
of 0.09 [29]. According to these results, H2O molecules in the environment were
responsible for the increased COF. However, an important aspect of the tribo-chemical
reactions that still needs to be delineated is whether the increase in the COF would be
induced by undissociated H2O molecules that are intercalated between the layers [31]. Or
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whether physi- or chemisorption of dissociated molecules would play a role in modifying
the atomic bonding between the MoS2 layers: In either cases the COF could increase but
the effects of dissociated and undissociated H2O need to be distinguished to rationale the
friction mechanisms operating at the MoS2 layers at the contact surfaces or those
transferred to the counterfaces. Dissociation mechanisms of H2O and formation of -H
bonds were studied in the literature [31, 32]. Recent computational studies by the authors
[33] showed that the reduction in COF of multilayered graphene in humid atmospheres
could be interpreted in terms of reduction in interlayer adhesion of the graphene layers, by
the -OH and -H functionals dissociated from H2O during sliding induced defect formation.
It was suggested from observations of tribological tests that physisorption of H2O
molecules at the near-surface would increase interlamellar shear strength of MoS2 [22, 23,
29]. The adsorption of H2O onto the basal planes is harder than adsorption at edge surfaces
of the MoS2 crystallites as reported in existing literature [16, 34, 35].
Unlike most graphene films, MoS2 films produced by PVD methods normally
contain various imperfections that are important when studying the tribochemical
mechanisms operating in these films, as the defects could modify dissociation and
adsorption behaviour of H2O molecules. The COF values of single crystal MoS2 were
hardly affected from humid air and showed COF of 0.03 (75% RH) compared to 0.02 in
high vacuum due to intercrystalline slip [36]. Compared to the low COF (0.01) provided
by defect free fullerene-like MoS2 thin films, PVD sputtered MoS2 films on the other hand
showed a higher COF of 0.11 during the sliding against steel ball in air with 45% RH [37].
Vacancies, and anti-site defects are intrinsic to PVD processed MoS2 films [38, 39], such
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as the one used in this work. First principles calculations were used to study the interactions
between defect sites on MoS2 with H2O molecules, and they revealed that the sulfur
vacancy in a monolayer 1T-MoS2 (octahedral Oh symmetry) required a small energy barrier
of 0.34 eV to dissociate the water molecule into O and OH [40]. Sulphur vacancy defect
in monolayer 1H-MoS2 (trigonal prismatic D3h symmetry) reduced the oxygen molecule
dissociation energy barrier to 0.8 eV from a higher value of 1.59 eV at the pristine sulfur
plane [41]. The Mo-terminated edge of monolayer MoS2 with unsaturated bonds was also
found to be effective in dissociating water molecule compared to the basal plane [42]. It
was also shown that triple vacancy with one molybdenum and two sulfur atoms missing
(unit MoS2 type of vacancy) in a 1H-MoS2 would dissociate water into O and H and result
in the formation of a Mo-O-Mo bond [43], whereas the sulfur vacancy and the stable edge,
i.e. a sulfur-reconstructed zig-zag edge, types of defects of MoS2 favoured adsorption of
molecular water without being dissociated. However, the interlayer binding energy of
MoS2 could change in the presence of physisorbed water molecules and would modify the
COF. Whether the increased COF of MoS2 that contained defects would be associated with
the dissociated or undissociated water molecules also needs to be clarified.
The focus of the work reported here is conducting sliding contact tests on MoS2
films under selected inert & humid environments supported by the first principles
calculations to study whether H2O would modify the interlayer spacing and binding energy
of MoS2 during sliding contact. Transmission electron microscopy (TEM) investigations
of the cross-section were undertaken to observe the MoS2 layer structures and defects
before and after the sliding tests, both in wear tracks and transfer layers. Another objective
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of the study is to determine whether water dissociation during sliding would be possible

5.2. Experimental and first principles calculations

5.2.1. MoS2 coating deposition and characterization

The MoS2 coatings were deposited using an unbalanced magnetron sputtering
system using a bias direct current at 45 V, and argon as the working gas at a pressure of
3.0 × 10-3 Torr. AISI M2 grade tool steel (nanohardness H=8.5 GPa, roughness Ra=150
nm) disks of 25 mm in diameter were used as substrates rotated at a speed of 4.0 rpm.
During the deposition process the substrate-target distance was maintained at 150 mm and
the substrate temperature was maintained at < 200 °C. The hardness, H=5.44 ± 0.83 GPa,
and elastic modulus, E=78.40 ± 4.13 GPa, of MoS2 coatings were measured using a
Hysitron TI 980 TriboIndenter equipped with a Berkovich tip at a maximum penetration
depth of 150 nm. Ti–6Al–4V alloy pins with one end machined into a hemisphere of
4.05 mm in diameter were used as counterface during the sliding tests. The Ti–6Al–4V
was selected primarily because of their chemical inertness and also due to their widespread
aerospace applications for which MoS2 coatings are considered as low friction lubricant
and surfaces.
Focused ion beam (FIB) sectioning of MoS2 samples before and after the sliding
tests was performed using the standard lift out technique [44-46] in Carl Zeiss NVision 40
Cross-Beam. Thin cross-sectional samples excised from MoS2 coatings in this way were
observed using a high resolution transmission electron microscope, TEM, (FEI Titan 80–

154

300). The selected area diffraction patterns (SAD) acquired from the as deposited coating
shown in Figure 5.1(a) indicated (100), (110) and (002) planes of MoS2 with interplanar
spacings of 0.27 nm, 0.16 nm, and 0.67 nm [47, 48]. The HRTEM image of the interfacial
zone between MoS2 and M2 (Zone 1 Fig 1 a) steel substrate is shown in Figure 5.1(b); The
(002) planes of MoS2 could be observed immediately above an amorphous zone with a
thickness of 5 nm. Examples of defect structures in this region where most of the layers
were parallel to the substrate included missing layers such as the ones indicated in the
encircled area. Locally curved (region ‘c’) and fractured (region ’d’) layers with disordered
structures could also be observed as shown in the enlarged images of Figure 5.1(c) and
Figure 5.1(d). The coating structure changed when moving away from the interface as
shown in Figure 5.1(e), which is taken from Zone 2 in Figure 5.1(a); Nanocrystalline MoS2
grains of 5- 20 nm, each with (002) layer spacings of 0.64~0.68 nm could be observed. The
layer spacing’s measured in this region were consistent with the values of 0.65 nm-0.70
nm reported in literature [48-50] and examples of amorphous regions are indicated by
boxes “f’ and ‘g’.
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Figure 5.1. (a) Cross-sectional TEM of the MoS2 coating on M2 steel with a thickness of
1.0 µm, and the selected area diffraction (SAD) rings acquired from the indicated zone
shown in the inset correspond to 0.67 nm for (002) plane, 0.27 nm for (100) plane, and
0.16 nm for (110) plane. (b) HRTEM image of the interface of the MoS2 on M2 steel
substrate with an amorphous zone in thickness of 5 nm, the near interface MoS2 layers are
parallel to the substrate. The layer spacing of 0.20 nm from the M2 substrate was assigned
to (110) plane of α-Fe according to the FFT analysis. (c) and (d) are enlarged view of the
locally curved (Zone 1 indicated in (b)) and fractured multilayer MoS2 (Zone 2 indicated
in (b)). (e) HRTEM image showing the coating film incorporates amorphous zone and
misoriented MoS2
5.2.2. Pin-on-disk tests under different atmospheres

Pin-on-disk type sliding tests were performed using a CSM tribometer to measure
coefficient of friction, COF, between MoS2 coatings and Ti–6Al–4V pin [51, 52]. All tests
were performed using a constant speed of 0.12 m/s and a normal load of 1.0 N for 5000
revolutions. In order to calibrate the typical increased COF of MoS 2 due to the increased
humidity, the tests were conducted under ambient air with different humidity levels. On
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each coating three tests were conducted at each humidity level, and the typical COF curves
plotted as a function of sliding distance (number of revolutions) were reported. As can be
seen from the COF dependency on relative humidity in Figure 5.2 (a), there was an
increasing tendency for the running-in COF (µR) at the beginning stage of friction, and the
steady state COF (µS) was observed with a significant increase with humidity. The highest
COF value within the initial stage (about 10 cycles) was taken as the running-in COF (µR),
and the steady-state COF (µS) value was calculated by taking the average of COF values
corresponding to sliding for 200 and 1000 cycles. The averaged value of µR and µS for the
tests performed under different relative humidity from ambient air were summarized in
Figure 5.2 (b). The trends of increased µR and µS with humidity agree with the results that
have been documented in literature [15, 29, 36].
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Figure 5.2. (a) The variation of coefficient of friction of MoS2 as a function of number of
sliding revolutions during sliding against Ti-6Al-4V in ambient air with 15% - 82% RH.
(b) Averaged running-in (µR) and steady state coefficient of friction (µS) of MoS2 in air
added with different humidity levels, the COF values obtained from test conducted in dry
N2 were also plotted for comparison.
Since humidity rather than oxygen from the testing the environment was found
more prominent for the increased COF of MoS2 [27, 29], the role of humidity on COF
behavior of MoS2 was investigated by performing sliding tests in inert atmosphere (dry
N2) with and without addition of humidity. Tests in N2 were conducted by purging the test
chamber with N2 gas to reduce moisture (< 2% RH) as confirmed using a hygrometer
(designated as 0% RH). As formation of MoS2 tribolayers was responsible for the low COF
[53-55], the COF behavior depends on the composition of the tribolayers due to the
presence of humidity from the sliding environment [15-17, 25-27, 29, 36]. The tests
conducted with changing sliding atmospheres offer the opportunity to evaluate how the
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compositions of the tribolayers delineate the COF of MoS2, especially the µS in different
atmospheres, as well as the COF in the transition stage in the changed test environment
while the MoS2 tribolayers have been established from a different environment. Thus, the
sliding tests with environment alternated between humid air and dry air (N2) were
performed.
The formation of MoS2 tribolayers and reorientation of the MoS2 layers parallel
to the substrate were generally observed due to the sliding contact, which could also be
observed from the tribolayers on Ti-6Al-4V counterface during sliding in air with 82%
RH as shown by the high resolution cross-sectional TEM image in Figure 5.3. As can be
seen from Figure 5.3, the MoS2 layers in the adjacent region of the interface were slightly
curved and reoriented with basal planes parallel to the substrate. A layer of a 3-5 nm
amorphous region between the MoS2 and Ti-6Al-4V substrate was also indicated. The
fast Fourier transform (FFT) analyses of the MoS2 tribolayers showed the layer spacing
of 0.59-0.60 nm for (002) basal planes and the linked layer with spacing of 0.25 nm in
direction normal to basal plane for (100) planes [56]. Unlike the graphene tribolayers that
experienced an increased layer spacing during sliding in humidity that contributed to the
reduced interlayer binding energy and COF [14, 15, 18], the MoS2 tribolayers showed the
parallel reorientation to the substrate and reduced layer spacing than the value of 0.67 nm
for the coating prior to test, which may correlate to an increased interlayer binding energy
and thus increased COF with humidity. Thus, the first principles simulations were
conducted to investigate the interlayer binding energy between the MoS2 layers to
estimate the effects of water molecules on the adhesion and friction of the MoS2.
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Figure 5.3. Cross-sectional HRTEM image of the transfer layer formed on Ti-6Al-4V
while tested in environment with 82% RH, the transfer layers were parallel to the substrate
with a 3-5 nm amorphous zone on the substrate, the layer spacing of ~0.60 nm was
observed.
5.2.3. First principles calculation methodology

The density functional theory (DFT) calculations were performed to illustrate the
interaction of water molecules with MoS2 at defect sites and the roles of dissociated and
undissociated water molecules on affecting the interlayer binding energy. All calculations
were conducted with Vienna Ab Initio Simulation Package (VASP) [56, 57] using
projector-augmented wave (PAW) [58] pseudopotentials with exchange correlation energy
approximated by the generalized gradient approximation (GGA) parametrized by Perdew,
Burke, and Ernzerhof (PBE) [59]. Long range van der Waals interactions were calculated
using vdW-DF2 density functional [60, 61] by applying corrections to the exchange161

correlation functional described as: 𝐸𝑋𝐶 = 𝐸𝑋𝐺𝐺𝐴 + 𝐸𝐶𝐿𝐷𝐴 + 𝐸𝐶𝑛𝑙 [62],where 𝐸𝑋𝐶 is the
GGA

exchange-correlation energy, EX

LDA

is the GGA exchange energy, EC

is the local
nl

correlation energy obtained within the local density approximation (LDA), and EC is the
non-local correlation energy approximated on electron density. The rPW86 [60] exchange
GGA

functional was used to calculate EX

. VdW-DF2 was shown to estimate interlayer

binding energy for graphene and MoS2 [33, 63, 64] more accurate, despite it slightly
overestimated lattice constants of a=b=3.28 Å and c=6.40 Å compared to the experiment
value of a=b=3.15 Å and c=6.15 Å [65].
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Figure 5.4. (a) Top view of a triple vacancy formed by removing the one Mo (cyan in
color) and two S (yellow in color) atoms from a 4×4 MoS2 cell. The removed atoms on the
top layer are indicated by the dotted rectangle. (b) Side view of one layer of 1H-MoS2. Top
(c) and side (d) view of a H2O molecule initially placed 2 Å atop of the sulfur layer, where
OH1 is parallel to the S plane and at the center of the triple vacancy. (e) and (f) are top and
side view of the obtained structure with undissociated water molecule adsorbed by forming
Mo-O-Mo bond with a bond length of 2.34 Å.
The thermodynamically stable 1-H structure of MoS2 was selected in the
simulation. 1-H structure was constituted by a layer of Mo atoms sandwiched between 2
layers of hexagonal S layers with Mo located at in the trigonal prismatic coordination. To
model defects in MoS2, a triple vacancy was created at the center of a (4×4) supercell of 1H MoS2 by removing one Mo and two S atoms (see atomic model in Figures 5.4(a, b)).
This defected MoS2 structure (D-MoS2) was selected to estimate the interactions between
defects of MoS2 with H2O due to the existence of sufficient dangling bonds to facilitate the
dissociative adsorption of H2O molecules [43, 66]. The (4×4) cell of MoS2 in dimension
of 13.12 Å×13.12 Å was large enough to exclude the interaction between H2O molecules
from adjacent images. A vacuum layer of 15 Å was inserted normal to all the computed
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surfaces and interfaces to prevent the interactions between the periodic images. All
calculations were carried out using a plane-wave cutoff energy of 500 eV and a 5×5×1
Monkhorst-Pack grid of k-points to reach the energy convergence of 1-2 meV/atom. The
electronic degrees of freedom were converged to 10-5 eV/cell, and the Hellman-Feynman
forces were relaxed to less than 0.01 eV/Å via the conjugate gradient method. Spin
polarization was incorporated in order to account for the effect of magnetism induced by
defects [39, 67].
The adsorption sites on the surface of D-MoS2 were determined by placing a H2O
molecule, and the dissociated H2O radicals (i.e. H, OH, and O) at different sites associated
with the triple vacancy followed by relaxing the structure to reach the lowest system
energy. The adsorption energy Ea for H2O adsorbed on monolayer MoS2 and intercalated
in the bilayer MoS2 were both calculated from: 𝐸𝑎 = 𝐸𝑀𝑜𝑆2 +𝐻2𝑂 − 𝐸𝑀𝑜𝑆2 −𝐸𝐻2 𝑂 , where
𝐸𝑀𝑜𝑆2+𝐻2 𝑂 and 𝐸𝑀𝑜𝑆2 are the total energies of the MoS2 supercell with and without the
adsorbed H2O, and 𝐸𝐻2 𝑂 is the energy of H2O molecule. The structures with the lowest
adsorption energy were selected as the initial and final states for simulation of the minimum
energy reaction path of H2O dissociation. The minimum energy reaction path was
estimated using the Climbing Image Nudged Elastic Band (CI-NEB) [68] method with 6
images excluding initial and final states. In the calculations of the bilayer MoS2 interfaces
with and without intercalated undissociated H2O molecule between the layers, the initial
interlayer spacings of the interfaces were set as 6.5 Å followed by structural relaxation of
all atoms in all directions. The interlayer spacing between the bilayer interfaces is defined
as the averaged distance between the Mo planes. The interlayer binding energy (EB)
between the bilayer MoS2 interfaces with H2O intercalated was calculated as 𝐸𝐵 =
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(𝐸𝑙𝑎𝑦𝑒𝑟𝐴 +𝐸𝑙𝑎𝑦𝑒𝑟𝐵 +𝐸𝐻2𝑂 − 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 )/𝐴𝒊 , which is the energy difference between the
total energy of the isolated layers and H2O molecule (𝐸𝑙𝑎𝑦𝑒𝑟𝐴 , 𝐸𝑙𝑎𝑦𝑒𝑟𝐵 , and 𝐸𝐻2 𝑂 ) and the
interface energy (𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) per unit interfacial area (𝐴𝒊 ). The EB for MoS2 interfaces
without intercalated H2O was calculated by taking 𝐸𝐻2 𝑂 as zero.

5.3. Results and Discussion

5.3.1. Dissociative adsorption of H2O on MoS2

The initial state of the H2O adsorbed at the triple vacancy site of the MoS 2 was
obtained by placing a H2O molecule 2 Å above the top S layer (either parallel or normal
to the S plane). Figures 5.4(c, d) present the initial structure of H2O placed 2 Å above the
S plane with H2O plane normal to the S plane and O-H bond parallel to the surface. When
this structure is relaxed, H2O molecule attached to the Mo atom forming Mo-O-Mo bond
(bond length 2.34 Å) as shown in Figures 5.4(e, f). The adsorption energy of H2O was 1.22 eV, indicating an exothermic process for H2O adsorbed to the D-MoS2. With H2O
adsorbed, the subsequent phenomena would be dissociation of H2O on the Mo-O-Mo
ring. As shown in Figure 5.5(a), the CI-NEB method estimated the energy barrier (Eb) for
the dissociation of H2O into –H and –OH to be 0.08 eV. Due to the dissociation of H2O
molecule, the total energy of the system dropped by 1.06 eV, leading to a chemisorption
energy of -2.28 eV. In the dissociated structure, the Mo-O-Mo bond length decreased to
2.10 Å, and the dissociated H bonded to the dangling S atom at the vacancy site with a
bond length of 1.35 Å. With H atoms moved to top of the S plane from the vacancy site
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that leaves the vacancy site subject to OH dissociation, the adsorption energy was slightly
reduced to -2.51 eV while the Mo-O-Mo bond distance slightly reduced to 2.07 Å, and
the structure was used as the initial structure for finding the minimum energy path of OH
dissociation as shown in Figure 5.5(b). In Figure 5.5(b), the OH dissociation requires a
low energy barrier of 0.24 eV by detaching the H from O and forming H-S bond (1.35
Å), and the Mo-O-Mo bond length was reduced to 1.95 Å. The H2O fully dissociated
structure resulted an energy drop by 0.50 eV. When both of the two H dissociated from
the H2O molecule were relaxed to the top of S plane, the lowest chemisorption energy of
-3.06 eV was resulted. This final structure, defined as D-MoS2-H with its H atoms above
the Mo plane, and its structure mirrored with respect to Mo plane (H-D-MoS2 with H
atoms below the Mo plane), were subsequently used to investigate the EB of the bilayer
MoS2 with H2O as will be described in the following section. According to the
computational analyses above, the full dissociation of H2O molecule at a triple vacancy
with small energy barriers could be the initial stage of oxidation process of MoS 2 by
forming Mo-O-Mo bonds with lengths of 1.95 Å. It should be noted that there exists
symmetrically bridging oxygens bonded equivalent to two Mo atom in length of 1.95 Å
while weakly bonded to a third Mo atom (2.33 Å) in α-MoO3 as reported both from first
principles calculation [69] and experiment [70]. Therefore, it is indicated that the
oxidation of MoS2 by H2O molecules during the friction process could be spontaneous
due to the creation of defects.
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Figure 5.5. Reaction paths a triple-vacancy site of MoS2: (a) a water molecule dissociation
into H and OH; (b) OH dissociation into O and H. Reaction coordinate is random unit.
5.3.2. Interfacial binding of bilayer MoS2

Since adhesion between the surfaces affects the friction, the EB of the MoS2 layers
were computed to rationalize the friction mechanism of the MoS2 in a humid atmosphere.
At the first step, five different types of pristine MoS2 bilayers models were generated by
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considering both AA and AB types of stacking sequences. Specifically, two types of layer
sequence for AA stacking could occur, where the direct stacking of A layers with both Mo
and S at the top layer A sitting on top of corresponding Mo and S is denoted as AA as
shown in Figures 5.6(a ,b), and the stacking of Mo located at the top A layer sitting on S,
and S on the top layer sitting above Mo is denoted as AA’ as shown in Figures 5.6(c ,d).
The three types AB stacks of MoS2 bilayers are defined as: (i) AB with Mo at the top A
layer on top of S from bottom B layer (see Figures 5.6(e .f)); (ii) A’B with S from top A’
layer sitting on top of S from B layer from bottom (see Figures 5.6(g .h)); (iii) AB’ with
Mo from top A layer sitting on top of Mo from B layer from the bottom (see Figures 5.6(i
.j)). It can be seen from Figure 5.6 that the AA and A’B stacks have the same EB of 0.23
J/m2 and interlayer spacing of 6.89 Å. Meanwhile, the EB of AA’ and AB’ are both 0.30
J/m2, and the value of 0.31 J/m2 for AB stack is slightly higher. The interlayer spacing for
AA’, AB, AB’ are also at the value of ~6.40 Å. Thus, indicating the AA’, AB, and AB’
can all exist. The summarized EB and interlayer spacing for each model are listed in Table
5.1. The low friction of the MoS2 in an inert atmosphere was attributed to the low EB value
of the weakly bonded pristine MoS2 layers by van der Waals force, and the increased
friction of MoS2 in presence of H2O was investigated by estimating the EB value of the
MoS2 interfaces with H2O intercalated in the following.
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Table 5.１. Interlayer binding energy (EB) and interlayer spacing d (between Mo layers)
of pristine bilayer MoS2, and bilayer MoS2 of different H atom orientation in the interface
with and without molecule intercalated in the interfaces. The adsorption energy of H2O in
the interface was also included.
MoS2 Bilayer Stackings

Without H2O

H2O Intercalated

d (Å)

EB (J/m2)

d (Å)

EB (J/m2)

Ea (eV)

Pristine AA

6.89

0.23

N

N

N

Pristine A'B

6.88

0.23

N

N

N

Pristine AA'

6.44

0.31

7.03

0.16

1.32

Pristine AB

6.40

0.31

7.33

0.16

1.33

Pristine AB'

6.46

0.30

7.45

0.14

1.49

AA’: D-MoS2-H/H-D-MoS2

6.54

0.28

6.58

0.32

-0.42

AA’: D-MoS2-H/D-MoS2-H

6.49

0.29

6.49

0.35

-0.60

AA’: H-D-MoS2/D-MoS2-H

6.38

0.29

6.38

0.37

-0.75

AB: D-MoS2-H/H-D-MoS2

6.54

0.27

6.56

0.32

-0.48

AB: D-MoS2-H/D-MoS2-H

6.43

0.29

6.46

0.36

-0.60

AB: H-D-MoS2/D-MoS2-H

6.36

0.29

6.37

0.37

-0.71

AB’: D-MoS2-H/H-D-MoS2

6.55

0.27

N

N

N

AB’: D-MoS2-H/D-MoS2-H

6.45

0.30

N

N

N

AB’: H-D-MoS2/D-MoS2-H

6.36

0.29

N

N

N
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Figure 5.6. Top and side views of bilayer MoS2 are shown in (a) and (b) for AA stack (Mo
on Mo), (c) and (d) for AA’ stack (Mo on S), (e) and (f) for AB stack (Mo on S), (g) and
(h) for A’B stack (S on S), (i) and (j) for AB’ stack (Mo on Mo). The top and side view of
the pristine bilayer MoS2 with H2O intercalated in the interfaces are (k) and (l) for AA’
stack, (m) and (n) for AB stack, and (o) and (p) for AB’ stack.
For the AA stack of bilayer MoS2 interface with H2O intercalated in parallel to the
S plane, Levita et al. reported an increase in the layer spacing and a reduction of the EB
compared to the pristine bilayer without H2O [35]. To explore the H2O on the EB of the
bilayer MoS2, we estimated the effect of H2O intercalation in most stable pristine bilayer
interfaces, i.e. MoS2 in AA’, AB, and AB’ stackings. As shown in Figures 5.6(k, l), the
AA’ stacks with H2O adsorbed at the hollow site between the bilayer showed an increased
layer spacing of 7.03 Å and a reduced EB of 0.16 J/m2. Similar effects could also be found
from the adsorption of H2O in the AB (Figures 5.6(m, n)) and AB’ (Figures 5.6(o, p))
stacks of MoS2 with layer spacings of 7.33 Å and 7.45 Å and EB values of 16 J/m2 and 0.14
J/m2, respectively. Moreover, the adsorption energy of H2O adsorbed in the AA’, AB, and
AB’ stacks were calculated to be 1.32 eV, 1.33 eV, and 1.49 eV, indicating a process
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unlikely to occur due to the high energy required to intercalate H2O at the interfaces.
Therefore, the adsorption of H2O to the pristine MoS2 would counterintuitively require
energy and lead to a reduced EB and an increased layer spacing, which fails to explain the
increased COF due to the presence of H2O during sliding friction process.
In order to rationale the friction and adhesion of MoS2 in presence of H2O
molecules, the interlayer spacing and EB of bilayer defected MoS2 were further simulated
with dissociated and un-dissociated H2O molecules. The effect of fully dissociated H2O
molecules on the COF behavior of MoS2 was evaluated by modelling the interlayer spacing
and EB of bilayer MoS2. Since the MoS2 layer with H2O molecule fully dissociated
structure shown was the most stable with the lowest total energy, the layers were further
used to construct the most stable bilayer MoS2 in AA’ and AB stacks. The bilayer interfaces
have been systematically constructed with the D-MoS2-H and H-D-MoS2 into AA’, AB,
and AB’ stacks with different H atom orientations, namely D-MoS2-H/H-D-MoS2 with 4H
atoms in the interface, D-MoS2-H/D-MoS2-H with 2H in the interface, and H-D-MoS2/DMoS2-H with no H in the interface. The computed results are summarized in Table 5.1. As
shown in Table 5.1, regardless of different number H atoms in the AA’, AB, and AB’
interfaces, the EB values were all in the range of 0.27~0.30 J/m2, which were not much
different from the value of 0.30~0.31 J/m2 for the pristine bilayer MoS2. However, it should
be noted that the bilayer models with no H atoms in the interfaces (H-D-MoS2/D-MoS2-H)
showed the lowest layer spacing of 6.36~6.38 Å, which were smaller than the values of
their pristine bilayer counterparts (>6.40 Å). The calculated interfaces with the lowest
interlayer spacing and highest EB for H-D-MoS2/D-MoS2-H in AA’ and AB stacks could
be found in Figures 5.7(a,b) and in Figures 5.7(c,d), respectively. Therefore, the dissociated
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H2O molecules may not increase the adhesion and friction of MoS2.

Figure 5.7. Top and side views of bilayer MoS2 with each layer adsorbed with dissociated
H and O are shown in (a) and (b) for H-D-MoS2/D-MoS2-H in AA’ stack, (c) and (d) for
H-D-MoS2/D-MoS2-H in AB stack, (e) and (f) for H-D-MoS2/D-MoS2-H in AA’ stack with
undissociated water intercalated between the layers, and (g) and (h) for H-D-MoS2/DMoS2-H in AB stack with undissociated water intercalated between the layers.
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To estimate the effect of physisorbed of undissociated H2O molecule on the friction
and interfacial adhesion properties, the AA’ and AB stacks of bilayer MoS2 consisting of
layers adsorbed with fully dissociated H2O , namely D-MoS2-H and H-D-MoS2, were
investigated by intercalating a H2O molecule in each interface. With H2O initially placed
at different sites in the interfaces, it was found the structures with H2O adsorbed normal to
the basal plane with the lowest energy for the H-D-MoS2/D-MoS2-H interface in AA’ stack
as presented in Figures 5.7(e, f). The adsorption of the H2O in the interfaces would occur
with an Ea of -0.75 eV, which is a lower value than that of -0.49 eV for H2O adsorbed on
monolayer D-MoS2, indicating that the H2O serves as a bridge and binds to both layer of
D-MoS2 in the interfaces. Consequently, the H2O increased EB to a higher value of 0.37
J/m2 while maintaining the reduced layer spacing of 6.38 Å. Similarly, the H-D-MoS2/DMoS2-H interface in AB stack with H2O intercalated showed an Ea of -0.71 eV, an
increased EB of 0.37 J/m2, and a low layer spacing of 6.37 Å (see Figures 5.7(g, h)). Other
interfaces with H2O intercalated, i.e. D-MoS2-H/H-D-MoS2 and D-MoS2-H /D-MoS2-H in
AA’ and AB stacks, were also computed and summarized in Table 5.1 for comparison. As
can be seen from Table 5.1, the H2O adsorption in the bilayer MoS2 interfaces all led to an
increased EB of 0.32~0.37 J/m2 regardless of the H orientation of the D-MoS2 layers in
either AA’ or AB stacks. Moreover, contrary to the increased layer spacing of >7.0 Å with
H2O intercalated in the pristine bilayer MoS2, the H2O molecule showed almost no effect
on increasing the interlayer spacing for the bilayer interfaces consisting of D-MoS2-H and
H-D-MoS2. Moreover, the adsorption energy of the H2O in the interfaces were in the range
of -0.42~-0.75 eV, which was comparable to the value of -0.55 eV for H2O adsorbed at the
Mo edge of MoS2 [34]. Therefore, the adsorption of undissociated H2O on the basal planes
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of MoS2 that increased the interlayer binding energy and friction during sliding of MoS 2
was thermodynamically possible.
To understand the electro-static interaction between the H2O molecule and the
MoS2 layers in the interface, the charge density difference (CDD) of H-D-MoS2/D-MoS2H interfaces in the AA’ stack with H2O intercalated was calculated by using the equation
of ∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑏𝑖𝑙𝑎𝑦𝑒𝑟 − 𝜌𝐻2𝑂 , where 𝜌𝑡𝑜𝑡𝑎𝑙 , 𝜌𝑏𝑖𝑙𝑎𝑦𝑒𝑟 , 𝜌𝐻2𝑂 are the total charge
densities of the interface with H2O intercalated, bilayer MoS2 and H2O, respectively. As
shown in Figures 5.8 (a), the presence of the H2O molecule in the interfaces led to the
charge rearrangement from the nearest sulfur atoms from both the upper and lower MoS2
layers, specifically, the charge accumulation of S atoms in the area adjacent to the H2O
(see Orange zones). Meanwhile, there could also be seen a charge depletion zone around
the H2O molecule (see Purple zone). Thus, the interaction between the charge accumulation
from the S atoms of the MoS2 layers and the charge depletion of the H2O, leading to a
stronger adsorption of H2O with both MoS2 layers and consequently an increased EB. To
obtain an insight into the bonding nature of the above MoS2 interfaces in AA’ stack, the
electron localization function (ELF) analyses were also conducted. As shown in the ELF
plot of red zone in O atoms (ELF=1) in Figures 5.8 (b), the both the dissociated O and S
were covalently bonded to Mo, indicating the covalent bonding nature of Mo-O-Mo and
Mo-S bonds. Meanwhile, there is no covalent or metallic bonding between the H2O and
the sulfur atoms in the ELF plot considering the distance of 2.42 Å between the H from
H2O and the nearest S atoms. According to the CDD and ELF analyses, the interaction
between the H and S atoms at a bond length of 2.42 Å can be attributed to hydrogen bond.
The bond length and H2O binding energy (-0.26 eV for H2O binds to upper layer of MoS2)
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are consistent with the values of ~2.3-2.4 Å and -0.18 eV for H···S type of hydrogen bond
calculated using accurate CCSD(T) method [71].

Figure 5.8. (a) Side view of the charge difference distribution (CDD) of H-D-MoS2/DMoS2-H in AA’ stack with H2O intercalated, where orange and purple represent charge
accumulation depletion respectively. The isovalue was 0.002 e/Å3. (b) Electron
localization function (ELF) plot by cutting through OH1 of water molecule in (100) plane.
Therefore, the above first principles simulation revealed spontaneous H2O
molecule dissociation at the triple vacancy site with formation of Mo-O-Mo bond that may
initiate the oxidation process, and the oxides formed promoted the adsorption of H2O
molecules [22, 72, 73]. It should be noted that oxidation of MoS2 to form of MoO3 increase
the COF [17, 25, 27, 29]. Moreover, the simulation predicted increased EB by 20% due to
the physisorption of H2O molecules in the H-D-MOS2 interfaces, where the dissociated
H2O molecule was not significant on alternating the interlayer spacing and interlayer
binding energy compared to the pristine MoS2. Thus, the increased EB ensued a sliding
interface requires higher energy to glide and thus higher friction of MoS2 in humid air. The
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dissociation reaction features of H2O molecules at defect sites of MoS2 can be revealed
from the investigation of the tribolayers formed, and the effect of physisorbed H2O
molecules on increasing the friction of MoS2 could be depicted by studying the COF
behavior by adsorption and desorption H2O from the tribolayers. The corresponding tests
and analyses are presented in the following sections.

5.3.3. Sliding friction experiments with humidity

The increased friction due to the increased adhesion by H2O molecules could be
shown from the sliding tests in N2 added with 40% RH in comparison to the tests
conducted in dry N2, and the corresponding representative variation of the COF of MoS2
against the number of sliding revolutions are plotted in Figure 5.9 (a). As shown in Figure
5.9 (a), the lowest µR of 0.10 at the initial 10 sliding revolutions and lowest µS of 0.007
after 100 cycles were observed from tests conducted in dry N2. This observation is
consistent with established superlubricity performance of the MoS2 coating in an inert or
vacuum atmosphere. However, once 40% RH was introduced in the sliding environment,
it can be found from Figure 5.9 (a) that both the µR and µS increased to 0.21 and 0.09
respectively, and these values were comparable to the COF obtained from test in ambient
air with 43% RH as plotted in Figure 5.9 (a) and the COF with same µS of 0.09 from tests
in air with 40% RH as shown in Figure 5.9 (b). Thus, these sliding tests showed H2O
molecules as the major factor on affecting the COF behavior of MoS2.
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Figure 5.9. (a) The variation of coefficient of friction of MoS2 as a function of number of
sliding revolutions during sliding against Ti-6Al-4V in ambient air with 43% RH, in dry
N2 and in N2 added with 40% RH; (b) the variation of the coefficient of friction of MoS 2
as a response to changing environment: the sliding test initiated in air with 40% RH for
1000 cycles, continued the test in dry N2 for 1000 cycles, and resume the test in 40% RH
air for 1000 cycles.
Compared to the many cycles to reach the steady state COF when the tests were
performed in low humidity environment (650 cycles in 15% RH and 500 cycles for 24%),
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it took 100 cycles to stabilize the COF for tests conducted in dry N2, and the
corresponding µR of 0.10 was less than the value of 0.21 in N2 with 40% RH. It should
be noted that the formation of the transfer layers during the running-in stage are generally
observed, which serves a major constituent for the low steady-state COF. In the dry N2,
the easy sliding of the reoriented MoS2 layers in the tribolayers with basal plane parallel
to the substrate has been observed and attributed to the low COF [74]. The increased
running-in and steady state COF with the humidity indicated a spontaneous bond
formation between the sliding interface due to the existence of H2O molecule from the
test environment, and this observation was in agreement with early literature and the
increased EB by oxidation and physisorption of H2O molecules to MoS2 as shown in
Section 5.3.2.
With the adsorption of H2O to the tribolayers, it is pertinent to investigate the COF
behavior in changing from humid environment to dry environment, especially during the
transition stage when the new gas environment was introduced which led to the sliding
of MoS2 tribolayers without H2O supplied from environment to maintain the high
interfacial adhesion. Therefore, sliding tests with environment alternated between humid
air with 40% RH and dry N2 were performed. As illustrated in Figure 5.9 (b), the test was
initiated in ambient air with 40% RH and showed an µR of 0.26 and µS of 0.09 for 1000
cycles. With the formation of the MoS2 tribolayers containing adsorbed H2O molecules
during sliding in humid air, there was no further running-in stage observed when the test
chamber was purged with dry N2. The evidence of the tribolayers with adsorbed H2O
molecules was manifested from gradual decrease of the COF at the beginning stage
during sliding in N2, where it took 150 cycles for the COF to drop gradually from 0.09
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to the minimum value of 0.04, which process could be attributed to replenishment of the
MoS2 tribolayers by layers without adsorbed H2O molecules during sliding in dry N2. The
low µS of 0.03 was then reached till 1000 sliding cycles in dry N2, but the value was
higher than the ultralow µS of 0.007 as observed in dry N2 from Figure 5.9 (a), indicating
the replenished MoS2 tribolayers contained adsorbed H2O molecules. Moreover, when
the test was resumed by changing the sliding environment back to air with 40% RH, the
COF increased immediately to a value of 0.08 followed by a slight increase back to 0.09
after sliding in ambient air for 200 cycles. Thus, the recovered µS of 0.09 after the sliding
air was changed back to humid air confirmed the increased adhesion and friction by
spontaneous physisorption of H2O molecules. Since tribolayers replenished in dry N2
contained minimal amount of H2O molecules, the COF gradually increases in 40% RH
by 200 cycles allowed the MoS2 tribolayers to adsorb H2O molecules that increased the
adhesion. Higher amount of H2O supplied from environment may promote the total H2O
coverage on the surface and thus number of bonds formed with increased adhesion. The
evidence of chemisorption and physisorption of H2O molecules to tribolayers could be
identified from inspecting the tribolayers in the following sections.

5.3.4. Raman, and cross-sectional FIB/TEM characterization of the tribolayers

To identify the possible tribo-reaction within the transfer layers formed during
sliding contact in air with humid, the Raman spectroscopy acquired from the transfer
layers formed in 82% RH was presented in Figure 5.10 in comparison with the Raman
acquired from transfer layer formed in dry N2. Micro-Raman spectra of the transfer layers
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were obtained using a 10 mW Nd–YAG laser (532 nm excitation line) through the 50×
objective lens of a Horiba Raman micro-spectrometer. The diameter of the Raman laser
spot on the specimen surface was 1 μm. The Raman spectroscopy of the MoS2 coating
before the test was also included in Figure 5.10. It can be seen from Figure 5.10 that the
transfer layer obtained in dry N2 tests showed the common Raman peaks of E2g
(wavenumber of 377 cm-1) and A1g (wavenumber of 407 cm-1), indicating multilayered
MoS2 from the coating the tribolayers [75]. Meanwhile, the Raman spectroscopy obtained
from the transfer layers formed during tests in 82% RH showed weak MoS2 Raman peaks
at 376 cm-1 and 407 cm-1, and the occurrence of new Raman peaks that were attributed
to MoO2 at 200 cm-1, 225 cm-1, 351 cm-1, 454 cm-1, 490 cm-1, 569 cm-1, 732 cm-1 [76].
The observed Raman peaks at 152 cm-1, 283 cm-1, 666 cm-1, 821 cm-1, and 994 cm-1 were
assigned to MoO3 [77, 78], where the Raman peak at 821 cm-1 was attributed to the
symmetric stretching of Mo-O-Mo and the Raman peak at 992 to antisymmetric stretching of
Mo=O bonds [79, 80]. Therefore, the tribolayers formed in humid atmosphere were
partially oxidized by forming MoO2 and MoO3, and the microscopic structural details
were further analyzed by high resolution TEM techniques.
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Figure 5.10. Raman spectra of the transfer layer formed on the Ti-6Al-4V surfaces during
sliding in 82% RH and dry N2 atmospheres. Raman spectra of the MoS2 coating before test
is also plotted for comparison.
Thus, it is generic to expect occasional occurrence of MoO3 when the sliding
process occurred in ambient air with high humidity level. As revealed by the HRTEM
image acquired from the oxygen rich zone of the tribolayer in Figure 5.11 (a), the layers
were also reoriented along one direction with nanocrystalline MoO3 embedded in the MoS2
layers, where 18-30 layers of nanocrystalline α-MoO3 in (021) planes with interlayer
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spacing of 0.320~0.324 nm were extended in parallel with (002) planes of MoS2 [81].
Noted that the MoS2 with layers linked in normal direction was also observed at the
MoS2/MoO3 interface [78], thus the MoS2 tribolayer with reduced layer spacing of 0.590.60 nm with linked layer of 0.25 nm normal to the basal plane may represent an
intermediate state between the MoS2 and nano-crystalline MoO3, and the reduced interlayer
spacing may contribute to the increased interlayer adhesion between the layers. The
oriented layers with layer spacing of 0.61-0.66 nm could also be found in the HRTEM
image of the tribolayers as presented in Figure 5.11 (b). As summarized by Winer [73], the
chemisorption of H2O molecules with formation of the molybdenum trioxides (MoO3)
promoted both the chemisorption and physisorption of H2O molecules, and the
physisorption of H2O molecules to MoS2 tribolayers on affecting the COF was discussed
in the following section.
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Figure 5.11. (a) cross-sectional HRTEM obtained from oxygen rich zone of the transfer
layer, nanocrystalline MoO3 with a layer spacing of 0.33 nm in (210) plane and partially
oxidized MoS2 embedded in MoS2 layers with a layer spacing of 0.60 nm. (b) HRTEM of
the tribolayers with MoS2 showing the layer spacing of 0.61-0.66 nm.
5.4. Friction Mechanisms of MoS2

The first principles calculation revealed dissociation of H2O molecule into -OH and
-H at a triple vacancy site of MoS2 with a minimal energy barrier of 0.08 eV, and
subsequent OH dissociation into -O and -H with a low energy barrier of 0.24 eV that
resulted the formation of Mo-O-Mo bond. The H2O dissociation process may serve as the
initial stage of formation of MoO3. The interlayer binding energy calculation revealed that
the dissociative adsorbed H2O molecules were not affecting the interlayer binding and
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interlayer spacing, but the physisorption of undissociated H2O molecule between the MoS2
layers led to an increase in the EB to 0.36~0.37 J/m2 in comparison to the value of 0.30~0.31
J/m2 for pristine MoS2. These calculations were in agreement with TEM observations of
the tribolayers with a slightly reduced layer spacing of ~0.60 nm that contributed to
increased interlayer binding energy.
The sliding friction results were in coherence with the simulation by the increase in
both the running-in and steady-state COF in presence of H2O molecules from testing
environment. The morphology of tribolayer formed on the Ti-6Al-4V during sliding MoS2
in humid air showed reorientation of MoS2 layers in parallel to the Ti-6Al-4V substrate as
determined by the TEM analyses in Figure 5.11, but these reordered layers were not able
to reproduce the ultralow COF as it did in dry N2. The tribolayers showed oxygen content
and formation of Mo-O-Mo bonds from MoO2 and MoO3. The tribochemical and physical
process could be conjectured from significant increase in the running-in COF from 0.1 in
dry N2 to more than 0.26 even at a relatively low humidity level (15% RH), as well as
increase in the steady state COF from 0.007 in dry N2 to 0.06 at 15% RH and to 0.12 at
82% RH. The increase of the COF in the running-in stage was attributed to the increased
EB due to the physisorption of H2O molecules that impede shearing of the MoS2 layers,
meanwhile the increase in the steady state COF may be the coupling effects of the
physisorption and dissociative adsorption H2O molecule that led to oxidation of MoS2,
where the formation of oxides promote the adsorption of H2O molecules [22, 72, 73]. As
shown in Table 5.1, the adsorption energy of H2O in the pristine bilayer MoS2 were>1.3
eV, while the value can be dropped to -0.75 eV when H2O was intercalated in the bilayer
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AA’ stacking of H-D-MoS2. With the formation of hydrogen bonds of H2O with S atoms
from both the MoS2 layers, water molecules bridge the layers and the stick the MoS2 layers
together, which consequently impede sheer or sliding of the layers.
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Figure 5.12. Coefficient of friction of MoS2 sliding against Ti-6Al-4V: (i) initiated in
ambient air with 56% RH for 500 cycles, and then paused and continued in dry N2
atmosphere for 500 cycles; (ii) initiated in ambient air with 50% RH for 500 cycles, paused
and continued the test in dry N2 air at 115 for 500 cycles. The COF variations during the
transition stage occurred after changing atmospheres from humid air to dry air were plotted
as inset.
As the physically adsorbed H2O molecules to the MoS2 that increased EB could be
thermally desorbed from the surfaces, it is generic to investigate the effect of driving off
the physically adsorbed H2O molecules from the surfaces of MoS2 on the COF behavior.
Thus, the following tests were designed to observe the COF behavior in the transition stage
in dry N2 by driving off the physisorbed H2O molecules incurred during the initial sliding
in humid air. The test initiated in a humid air (50% RH) would allow the formation of MoS2
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tribolayers on both the sliding surfaces and the adsorption of H2O molecules (both
dissociated and undissociated) to the tribolayers that were subjected to subsequent sliding
process in dry N2. The desorption of physisorbed H2O molecules from the surfaces of
tribolayers was achieved by heating the samples to 120 °C in N2 air for 15 minutes to
minimize the possible oxidation of the tribolayers. The corresponding COF curves were
plotted in Figure 5.12, and the COF curves in the transition stage while the resumed sliding
tests was continued in dry N2 at room temperature and at 120 °C were plotted as inset.
Although the test initiated in ambient air with 50% RH for 500 cycles would form MoS 2
tribolayers containing adsorbed H2O molecules and showed an averaged COF of 0.10, the
resumed tests in dry N2 showed a low averaged COF of 0.02 at temperature of 120 °C for
500 cycles. Compared to the long running-in cycles in dry N2 for 100 cycles to stabilized
the COF (see Figure 5.8 a), the most significant observation was that it only took 3-5 cycles
for the COF to drop from 0.10 to 0.02 at transition stage in dry N2 due to desorption of
physically adsorbed H2O molecules from the sliding MoS2 surfaces. In comparison, the
test initiated in ambient air (56% RH) for 500 cycles also showed an µS of 0.10, but showed
a higher µS of 0.04 in dry N2 for 500 cycles. With adsorption of H2O molecules on the
sliding surfaces in the MoS2 tribolayers, it took 40 cycles for the COF to decrease gradually
from 0.11 to 0.04 during the transition stage in dry N2 (see inset in Figure 5.12).As stated
early, the gradual decrease of the COF in the transition state in dry N2 may correspond to
a process where the MoS2 tribolayers containing physically adsorbed H2O molecules were
gradually replenished by the tribolayers without adsorbed H2O molecules that reduced the
EB. Moreover, due to the tribolayers at room temperature contained H2O molecules while
that at 120 °C not, the steady state COF in room temperature was at a higher value of 0.04
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while the test conducted at 120 °C in dry N2 showed a lower value of 0.02. These
observations were in consistent with first principles simulation that undissociated H2O
molecules adsorbed between the MoS2 layers increased the interlayer adhesion.
The spontaneous increased COF in the running-in stage indicate the physical
bonding formation that retarded the interfacial sliding, where oxidation of MoS2 to form
substantial amount of MoO3 was unlikely. Meanwhile, the MoS2 could regain the low COF
by driving off the adsorbed undissociated H2O molecules. Therefore, two roles of H2O
molecules may play during friction process: (I) Formation of Mo-O-Mo bond by
dissociating H2O at defect site of MoS2 which contributes to oxidation of MoS2 to form
MoO2 and MoO3 but not significant on COF; (II) Increased EB between the MoS2 layers
by 20 % with physically adsorbed H2O molecule that increased the COF, but this process
is reversible by driving off the adsorbed H2O molecules. However, as noted that MoO2 was
significantly more abrasive than MoO3 [81], it requires further investigation on the detailed
reaction process of MoS2 with H2O (along with or without O2) to form MoO2 and MoO3,
as well as the effects of these oxidized phases on the COF behavior in presence of humid
air.
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Figure 5.13. The coefficient of friction dependency of MoS2 sliding against Ti-6Al-4V on
relative humidity in comparison with that of graphene.
It is instructive to discuss the tribological behaviour of MoS2 at different humidity
levels in comparison with the performances of the other layered materials such as CVD
grown graphene coatings that are used to reduce friction against Ti-6Al-4V. As can be seen
in Figure 5.13, the average steady state COF of graphene consistently decreased with the
increase in humidity in the air. The first principles calculations showed that H2O was more
likely to be dissociated into OH, H and O and adsorbed on defected graphene incorporating
a monovacancy due to a lower energy barrier of H2O dissociation. The functional groups
dissociated from H2O molecules served to passivate the dangling carbon bonds, which
resulted the increased graphene layer spacing as observed experimentally, as well as
reduced the interlayer binding energy by ~30% to ~0.21 J/m2 compared to that of 0.30 J/m2
for pristine graphene [33]. In comparison, the COF of MoS2 increased with the humidity
in air was found due to the undissociated H2O molecules physically adsorbed between the
bilayer MoS2, and the first principles calculations showed that presence of the physisorbed
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H2O led to an increase of the EB by 20% to 0.37 J/m2, which impeded the sliding of the
MoS2 layer with observed increase in the COF from the sliding friction of MoS2 against
Ti-6Al-4V (Figure 5.13).

5.5. Summary and Conclusions

Both friction experiments by sliding of MoS2 against Ti-6Al-4V and first
principles computations with van der Waals interactions considered were performed to
unveil the underlying roles of water molecules in the tribo-chemical process that
delineates the friction mechanisms of MoS2 in humid atmosphere. The following
conclusions could be drawn from this study.
1) The water molecules could be both chemisorbed through water dissociation and
physically adsorbed at the triple vacancy site of MoS2 according to the first
principles simulation. The simulation of water dissociation at a triple vacancy site
of MoS2 using climbing image nudged elastic band method showed water
molecule dissociation into OH and H with a minimal energy barrier of 0.08 eV
and subsequent OH dissociation into O and H with a small energy barrier of 0.24
eV. The chemisorption of water molecules at the triple vacancy site led to the
formation of Mo-O-Mo bond, which may initiate the process to form MoO3 during
sliding of MoS2 in humid air. The formation of nano-crystalline MoO3 were
revealed by Raman and high resolution TEM investigation of the MoS2 tribolayers
formed on Ti-6Al-4V surface.
2) The high resolution TEM revealed that the MoS2 tribolayers formed on Ti-6Al-
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4V in humid air were re-ordered from misoriented layer to sit in parallel to the
substrate and thus the sliding surfaces, and some of these layers were with a
reduced layer spacing of ~0.60 nm than that of 0.67 nm before test. But this
orientation failed to produce low COF in humid air. Meanwhile, reduction of
interlayer spacing correlates to more adhesion and will lead to an increase in
friction. The first principles calculation showed increased interlayer binding
energy by 20 % from a low value of 0.31 J/m2 for pristine bilayer MoS2 to ~0.37
J/m2 when undissociated water molecule was sandwiched between the bilayer
MoS2 with defects by forming hydrogen bonds between the layers. Thus, the
physisorption of the water molecules consequently led to the impeded the
interfacial sliding of the MoS2 layers. Both the running-in COF and steady state
COF of MoS2 experienced an increase with humidity from sliding environment,
where the steady state COF increased from an ultralow value of 0.007 in dry N2
to 0.06 in ambient air with 15% RH, and to 0.13 in ambient air with 82% RH. The
effect of physisorption of water on COF of MoS2 was also indicated by driving
off the water molecules from the MoS2 tribolayers at 120 °C that resulted an
immediate COF reduction to value of 0.02 in dry N2.
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CHAPTER 6
Summary and Conclusion

The emerging applications of 2D materials as solid lubricant in forms of coatings,
fillers in composites, additives in liquid based lubricants that are applied to achieve low
friction and wear between engineering surfaces in automotive, manufacturing, and
aerospace sectors. However, the applications of these solid lubricants that generated
superior tribological performance in one environment may show significantly degraded
tribological performance in another environment. In this dissertation, the prominent
differences between the friction behaviour of graphene and MoS2 in humid atmospheres
were studied, and the underlying friction mechanisms for each of the 2D materials were
unveiled by considering the different roles of sliding induced damage in graphene and
MoS2 and triboreactions with water molecules using both first principles simulations and
tribological experiments. The triboreactions occurred during the tribological contacts and
sliding induced compositional and microstructural changes were depicted from
examination of the tribolayers and worn surfaces using Raman, FTIR, SEM, FIB/TEM,
XPS techniques. First principles simulations were used to study the reaction mechanisms
of the 2D materials with the water molecules, and the consequence of the triboreactions on
the interlayer spacing and interlayer binding energy between the 2D layers.
As the low friction of 2D materials has been primarily attributed to the formation
of low adhesion tribolayers on the worn surfaces, the atomic simulations and tribological
investigations in this dissertation showed that the dissociative adsorption and physisorption
of water molecules to layers of the 2D materials either enhanced the layer adhesion
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properties for increased friction (MoS2) or reduced the layer adhesion properties for
reduced friction (graphene). Specifically, the fundamental friction mechanisms of the
mostly widely used solid lubricants, i.e. graphene and MoS2, were investigated in the forms
of thin films by tribological experiments and first principles calculations (Chapter 2 for
graphene, and Chapter 5 for MoS2). The investigations in Chapter 2 showed that the
dissociative adsorption of water at the sliding induced defects led to passivation of the
graphene, and consequently the reduced interlayer binding energy between the layers made
the sliding of the graphene easier and thus low friction. Furthermore, Chapter 3 studied the
effectiveness of graphene addition in ethanol solution for realizing low friction and low
wear rate between the contacts of DLC coated and uncoated tool steel surfaces. Similar to
graphene, the use of CNTs as solid lubricant additives in ethanol that may impose a great
chance to alleviate the aluminum adhesion to CrN in automotive industry was examined in
Chapter 4. Contrary to graphene that needs to be passivated during the friction by
surrounding molecules such as water and ethanol, the low friction of MoS2 should be
maintained in the absence of water molecules. Chapter 5 showed the roles dissociated and
undissociated water molecules adsorbed at the defect site of MoS2 layers on the friction
mechanisms of MoS2, where the immediate increase in the COF in humid atmosphere was
attributed to formation of hydrogen bonds between the interfaces by physisorption of water
molecule that increased interlayer adhesion and impeded the interfacial sliding.
The main original contributions of this study are summarized as below.
1) The sliding test of graphene against Ti-6Al-4V showed formation of easy transfer
layers than DLC and PCD with low running-in COF. But the low steady state COF
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of 0.05 depended on the presence of water molecules from the environment.
Damage features of graphene in the transfer layer were identified by Raman and
TEM. The first principles simulations revealed that water dissociation at the pristine
graphene was unlikely due to the high energy barrier of 3.53 eV, but a
monovacancy site of graphene would lower the water dissociation energy barrier to
1.27 eV. The consequence of the dissociated water molecule at the monovacancy
site led to an increase in the interlayer spacing by 0.5Å and a reduction of the
interlayer binding energy from 0.30 J/m2 to 0.24 J/m2, as well as the layer gliding
from AB stack to turbostratic state. This investigation also indicated the beneficial
effect using graphene with -H, -OH, -O functionals attached to dangling bonds prior
to tribological contact applications.
2) With the knowledge of passivation of the graphene at the sliding inducted defect
by H, O, OH functional groups that can reduce the interlayer binding energy and
thus contribute to the reduced COF, minimal quantities of graphene nanoparticle
(5×10-4 wt.%) addition in ethanol was found beneficial effects for both the COF
and wear of tool steel surfaces. The COF experienced a reduction from 0.31 to 0.18
between two steel surfaces, and a further decrease to a low value of 0.06 when the
graphene nanoparticle was used to lubricate the sliding counterfaces that
incorporated DLC coated surfaces. The wear rate of the DLC coated steel was
reduced by 70% compared to sliding against an uncoated tool steel counterface.
The graphene tribolayers formed on top of the steel surfaces showed sliding
induced defect features as revealed as bending and fragmentation of graphene
layers with increased layers spacing by HRTEM analyses. Thus, the graphene can
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be used as nanolubricants added into liquid to reduce the friction and wear of steel
surfaces.
3) The 0.14 wt.% multiwalled CNTs addition into ethanol could be used to mitigate
aluminum alloy (319 Al, an engine block material) adhesion during sliding against
another engine material, i.e. CrN coating. While the COF was slightly reduced to a
stable value of 0.16 by CNTs addition in ethanol, the aluminium coverage on CrN
wear tracks after sliding was significantly reduced to 9% from a high value of 24%.
The CNT tribolayers formed on top of the Al surface during the sliding process
showed formation of CNTs rolls that would glide between the sliding interface. The
Raman and FTIR analyses showed the sliding induced defects of the CNTs and
passivation of CNTs by functional groups H, and OH.
4) Unlike graphene and CNTs, the H and OH dissociated from water or ethanol would
passivate the sliding induced defects, the dissociation of water molecule at defect
sites of MoS2 was found leading to the formation of Mo-O-Mo bonds, which served
as the initial stage of oxidation to form of MoO3. The sliding experiment and first
principles simulations revealed that the undissociated water molecules from the
environment resulted in an increased COF of MoS2, where the parallel reorientation
of MoS2 on the sliding surfaces failed to produce the same ultralow COF of 0.007
as in dry N2. The interlayer binding energy was predicted by first principles
simulations with an increase by 20% to 0.36 J/m2 when the water molecule was
sandwiched between the MoS2 layers with the interlayers spacing not increased,
and this increase in binding energy due to undissociated water molecules impeded
the layer shearing between the sliding interface. The formation of MoO3 and
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reduced MoS2 layer spacing were revealed by high resolution TEM analyses of the
tribolayers.
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CHAPTER 7
General Discussion and Future Work

7.1 Comparison of H2O molecule on friction of graphene and MoS2

The opposite effects of humidity on friction of graphene (in Chapter 2) and MoS2
(in Chapter 5) can be seen from Figure 7.1, where the COF of graphene reduces with
ambient humidity while that of MoS2 increases with humidity. The low friction of graphene
is attributed to the effect of H2O dissociation at sliding induced defect sites with adsorbed
-H, -O, and -OH, and these functionals repel each other and lead to an increase in the layer
spacing and an reduction in the interlayer binding energy between graphene layers.
Meanwhile, the undissociated H2O adsorbed at the defect sites (such as a triple vacancy
site passivated by dissociated 2H and O shown in Chapter 5) could form hydrogen bonds
with S on MoS2 layers and increase the interlayer binding energy between MoS2 layers.
Question arises why dissociated H2O at defect site increases the layer spacing of graphene
while the neither the dissociated nor undissociated H2O adsorbed at a triple vacancy site of
MoS2 increase the layer spacing of MoS2. This could be interpreted as the structure stability
of graphene and MoS2 when interacting with H2O molecules: (i) the dissociated H, OH,
and O on graphene form stable C-H, C-OH, C-O bond that passivate the dangling carbon
bonds at defect sites; (ii) the H2O dissociation at triple vacancy site of MoS2 results in
formation of Mo-O-Mo bonds and H-S bonds, where desorption of H2S [1] would enlarge
the vacancy to facilitate adsorption of both dissociated and undissociated H2O without
increase in the layer spacing. Moreover, considering the limited amount of H2O
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dissociatively adsorbed on sliding induced defect site of graphene as the dissociation
process would need to pass a low dissociation energy barrier (1.27 eV on monovacancy,
see Chapter 2), chances for C-H, C-O, and C-OH from one graphene layer to form
hydrogen bonds or covalent bonds with those from adjacent graphene layer are skinny.
Meanwhile, with presence of intrinsic or sliding induced defects on MoS2 layers, formation
of hydrogen bonds between MoS2 layers occurs spontaneous due to negative adsorption
energy (<-0.5 eV, see Chapter 5). Therefore, dissociated H2O reduces the binding energy
of graphene for low friction while undissociated H2O increases the binding energy of MoS2
for high friction.

Figure 7.1. Coefficient of friction of graphene in comparison with that of MoS2 tested
under the same testing conditions at varied relative humidity levels.
7.2 Engineering and Scientific Impacts of the Dissertation

The uses of graphene, CNTs, and MoS2, for low friction and adhesion between
engineering surfaces under sliding contacts in manufacturing, transportation, aerospace
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sectors are one of the most promising ways due to the formation of the easy rolling and
sliding 2D materials tribolayers. The sliding and rolling of the layers in the carbonaceous
layers depend on the tribochemical reactions with the environment. This study provides a
new insight into the low friction mechanism of graphene due to dissociated water
molecules at the sliding induced defect sites through first principles simulations and
tribological sliding tests. The -H, -OH, -O passivation of the graphene by water dissociation
offers an understanding of the application of graphene and carbon nanotubes in liquid
lubricants that provide the -H, -OH functionals, and thus effectively mitigate Al adhesion
on CrN (both engine materials) and friction between DLC coated and uncoated tool steel
surfaces. Meanwhile, this study also establishes a new insight into the friction mechanisms
of the MoS2 due to dissociated water molecules at the defect sites that contributed to the
oxidation of the MoS2, as well as the physisorption of undissociated water molecules
between the MoS2 layers that form hydrogen bonds between the layers for the increases
the interlayer binding energy, which retards the interfacial sliding and increases friction.
The method used for investigating the reaction mechanisms of the graphene and
MoS2 with water, i.e. by constructing the atomic models with the roles of sliding induced
damages in the layer considered for estimating layer adhesion properties, could be applied
to assess the friction mechanisms of other 2D materials subjected to tribochemical
reactions in tribological applications in various surrounding environments. The
investigation in this dissertation offer guideline for designing and applying novel coatings
and solid lubricants applicable to harsh environments, which may help to achieve low
friction and low wear between tribosystems in automotive, manufacturing, and aerospace
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sectors.

7.3 Future Work

7.3.1. Passivation of graphene by oxygen and water and the tribological performance of
functionalized graphene

Since both the water molecules and oxygen can dissociate and lead to the
passivation of graphene at the defect by the H, O, and OH functional groups, it is necessary
to study the reaction of water molecules at the edge sites of graphene (zigzag and armchair
types of defect), since sliding induced fractured edge have also been prevalently observed
with dangling carbon bonds. The reactions with graphene could be estimated by first
principles simulations with CI-NEB method that would produce relatively accurate energy
barrier for molecules splitting. With energy barrier estimated, it is desirable to construct
the water and oxygen dissociation regime at temperatures. The effect of passivation on the
interlayer adhesion performance should also be evaluated by computing the interfacial
binding energy and undertaking tribological tests. Consequently, based on the
understanding of graphene passivation, the optimal amount of H, OH, and O on graphene
can be determined for desired tribology performance. It will also be desirable to simulate
the sliding behaviour of graphene in presence of the H2O and O2 molecules at elevated
temperatures using molecular dynamics simulation. These simulations would provide a
vivid presentation of the effect of dynamic molecule dissociation on the interfacial sliding
performance. These investigations will shed light on exploiting the outstanding properties
of graphene and functionalize graphene in reducing the friction as lubricant additives [2].
207

7.3.2. Functionalized carbon nanotube as lubricants additive

Although the friction and wear could be reduced by formation of CNTs tribolayers
and CNTs rolls on the sliding surfaces, agglomeration of CNTs in base lubricants is a major
challenge that impedes the use of CNTs. One effective way to resolve this to functionalize
the CNTs by functional groups for improved dispersity when dispersed in liquid, and
consequently achieve advanced tribological performance [3]. The functionalization
process has to be studied carefully, which should effectively functionalized the outermost
layer of the tube while not significantly sacrificing the tubular structure [4]. Compared to
the CNTs addition into conventional mineral oil or chemically synthesized oil, vegetablebased oil added with surface functionalized CNTs should be well investigated since CNTs
can be well dispersed in the environmentally degradable oil.

7.3.3. Oxidation mechanism of MoS2 and functionalized MoS2 as lubricant additive

Despite the understanding of increased friction of MoS2 due to formation of
hydrogen bonds in the interfaces for the increased adhesion in this study, the oxidation of
MoS2 to form MoO3 and the sliding of the MoS2 in presence of adsorbed H2O, N2, and O2
should still be experimentally investigated and simulated using molecular dynamics
calculations, which will help to understand the friction mechanisms of MoS2 and guide the
development of new types of 2D materials low friction coatings. The investigation on
atomic reaction mechanism of MoS2 at defects sites could also be undertaken using the
same method presented in this work. Besides vacancy types of defects, research on the
effect of doping atoms or layers of MoS2 at defect site by using first principles simulation
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can be conducted to help selecting the appropriate elements to inhibit oxidation of MoS2
and formation of hydrogen bonds with water in the aim of developing new types of coating
that operate in both dry and humid atmospheres.
Platelet-like and naono-vesicles of MoS2 dispersed in mineral oil, such as liquid
paraffin, and vegetable oil have shown friction and wear reduction for steel surface by
forming MoS2 tribolayers on steel surfaces [5, 6]. However, the agglomeration of the MoS2
in lubricant oils led to an adverse effect on the tribological performance with increased
wear [7]. The Dialkyldithiophosphate(DDP)-functionalizated MoS2 added into base oil
improved the tribological performance with reduced friction and wear between steel balls,
but the DDP functionalized MoS2 were both expensive and harmful to the environment
[8]. Thus, as the defect site of the MoS2 offer the reactive site for molecule dissociation
and adsorption, it should be further investigated the passivation of the MoS2 at defect sites
using functional groups, such as thiols, and these functional groups would improve the
dispersity of MoS2 in liquid [9, 10]. Thus, it is promising to investigate the functionalized
MoS2 in reducing the friction and saving the energy and gas emission.
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